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Summary 
A study  of  the creep behavior and residual 

mechanical properties of two cast superalloys and 
several  wrought bar  oxide dispersion strengthened 
(ODS) alloys reveals that  the tensile properties of  the 
nickel-base superalloy B-1900 and cobalt-base 
superalloy MAR"509 are  not  degraded  by  prior 
elevated temperature creep (at least up to 1 percent) 
straining between  1144 and 1366 K. On  the  other 
hand, the  room  temperature tensile properties  of 
ODS nickel-base alloys can be reduced by prior creep 
strains of 0.5 percent or less  between  1144 and 1477 
K, with the long transverse direction being more 
susceptible to degradation than  the longitudinal 
direction. The  room  temperature tensile properties of 
the ODS iron-base alloy  MA-956  tested  in the 
longitudinal direction are  apparently  not  degraded by 
prior creep strains  up to  about 0.25 percent. 

While not subject to creep degradation,  the  ODS 
alloy  MA-956  is unusual in the  manner in  which it 
appears to deform at elevated temperature. Basically, 
MA-956 creep strained in the  longitudinal direction 
appears to undergo slow plastic deformation by the 
nucleation and slow growth of cracks.  On  the  other 
hand, the creep behavior of  the  ODS nickel-base 
alloys  in this study is quite similar to  that of 
previously studied ODS nickel alloys. In general,  the 
longitudinal direction is stronger  than  the long 
transverse direction,  and creep is at least partially due 
to a diffusional creep mechanism as dispersoid-free 
zones  were  observed after  creep-rupture testing. 

Introduction 
Oxide dispersion strengthened (ODS)  nickel- and 

iron-base alloys are of interest for use  in gas  turbine 
engines because of their mechanical strength  and 
environmental resistance at high  homologous 
temperatures. However, recent studies (refs. 1 to 3) 
of mechanical properties of several nickel-base ODS 
alloys have indicated that in some instances prior 
elevated temperature creep straining  can severely 
affect  subsequent  room  temperature  tensile 
properties, particularly ductility. Reductions in 
ductility are  apparently due  to diffusional  creep, 
which  causes formation of dispersoid-free regions 
around grain boundaries. Such regions are weak  in 
comparison to the  adjacent dispersion strengthened 
material. Additionally,  the dispersoid-free regions 
can  act  as sites for  cavitation  and  internal  oxidation 
during subsequent creep; these effects further 
weaken the alloy. 

While creep degradation  effects  have been 
documented for many nickel-base ODS alloys, the 
behavior of  iron-base ODS alloys is not clear. A 
recent study (ref. 4) of mechanical properties of  the 
ODS iron-base sheet alloy MA-956E indicated that 
room  temperature tensile properties are  not affected 
by  very small amounts  of  prior creep strain (less than 
0.2 percent) at 1365 K. Attempts  to introduce  greater 
amounts  of creep strain were unsuccessful because of 
the rather  unique way in which this alloy deforms 
under  conditions designed to promote slow plastic 
deformation.  It  appears that beyond transient creep 
(about 0.1 percent strain),  the  alloy  does  not  undergo 
uniform plastic deformation  but  rather  deforms by 
the nucleation and slow growth of cracks which 
eventually lead to tensile overload  conditions  and 
rapid failure. 

In  current  gas  turbine engines, most  high 
temperature  parts  are  manufactured  from either 
nickel- or cobalt-base alloys. Degradation of 1033 K 
stress-rupture  and  room  temperature  tensile 
properties as a result of I-percent creep straining  at 
1089 to 1366 K has been reported  for  the wrought 
nickel-base alloy Udimet  700 (ref. 5 )  and  the cast 
nickel-base  alloy Inco 713 (ref. 6). Unfortunately, 
degradation  effects due  to aging and/or creep- 
straining could not be  well differentiated in these 
studies. A study by Tien and  Gamble (ref. 7) on a 
simple gamma-prime  strengthened nickel-base alloy 
(Ni-16Cr-5Al-4Ta) revealed the  formation  of 
gamma-prime-free regions during creep straining  at 
1255 K, which are similar to the dispersoid-free 
regions observed in creep-strained ODS alloys. 
Similar results were observed by Gibbons  (ref. 8) in a 
study of creep at 1023 to 1123 K in high-purity Ni- 
20Cr-2.5Ti-1.5Al alloy and a commercial Nimonic 
80A alloy. In these alloys, the gamma-prime-free 
regions are likely  sites for  premature  failure  during 
subsequent  straining.  No  studies of creep 
degradation effects on the  properties of cobalt-base 
superalloys have been reported. 

The present study was conducted to determine  the 
effects of similar thermal/creep exposures on the 
residual mechanical properties  of cast superalloys 
and  advanced wrought ODS alloys. In  addition to the 
required creep testing, tensile properties and, where 
possible, stress rupture  properties were  measured  in 
order  to more fully characterize the elevated 
temperature  properties  of  the alloys. The superalloys 
studied included the cast nickel-base alloy B-1900 
and the cast cobalt-base alloy MAR"509; both of 
these alloys are vane  materials in currerit gas  turbine 
engines.  While creep degradation effects would not 



be  expected in MAR"509, as it is basically a solid 
solution-strengthened  alloy,  creep  degradation 
effects are possible in the gamma-prime strengthened 
B-1900. The advanced ODS alloys examined 
included nickel-base alloys (nominally Ni-16Cr-5A1) 
from three manufacturers  and  an iron-base alloy. All 
of  the ODS alloys evaluated have been under 
consideration for  or actually used as vanes in gas 
turbine engines (ref. 9). 

The results of all the  mechanical  property testing 
are  presented  in  appendix  A,  and  typical 
microstructures of  as-received and tested alloys are 
shown in appendix B. The results of  a linear 
regression analysis of the stress rupture  and steady 
state creep rate  data  for  the tested alloys are given  in 
appendix  C. 

Experimental  Procedure 

Materials 

Cast bars 16  mm  in diameter by  150  mm  in length 
of MAR-M509 and B-1900  were procured  from the 
Metals Division  of TRW. Bars of each composition 
were  cast from  a single master heat, and each bar was 
radiographically inspected. All bars containing 
defects were rejected. The compositions  of these two 
superalloys are shown in table I. Prior  to being 
machined  into test specimens, all B-1900 cast bars 
were heat treated as follows: 4  hours at 1350 K, air 
cool to room  temperature, then 10 hours at 1170 K, 
and  air cool to  room  temperature. MAR-M509 bars 
were not heat treated. 

The ODS alloys  evaluated  included  both 
commercial  and  experimental alloys. The nickel-base 
alloy MA-757 and iron-base alloy MA-956 were 
obtained  from  Huntington Alloys, Inc. Four pieces 
of hot-finished flat bar, nominally  8 by 3 cm  in cross 
section and 80 cm  in length, of each  alloy  in the heat- 
treated condition were obtained; the compositions 
are given  in table I. 

Three experimental aluminum-modified  Ni-l6Cr- 
type ODS alloys developed under NASA contract 
(ref. 10) at  the Stellite Division of  Cabot  Corporation 
were also examined.  These alloys are designated by 
STCA plus heat numbers and their compositions  are 
given  in table I. Extruded  bar stock nominally 6.7 by 
2.0 cm  in cross section of each alloy composition was 
obtained  from  the  contractor. In order  to  develop  a 
low  modulus  texture,  these  alloys  were 
thermomechanically processed and heat treated at 
the Lewis  Research Center. The three alloys were 
canned in  mild  steel and rolled parallel to  the 
extrusion direction at 1310 K in a single pass to 
reductions of  14 percent (262/264 and 266) or 24 

percent (265). After rolling, the cans were  removed 
and  the alloys were heat treated in air.  The heat 
treatment consisted of placing the materials in a 
furnace  at 1475 K, raising the temperature over a 
4-hour  period to 1535 K, holding 1 hour  at 1535 K, 
raising the  temperature over a 2-hour period to 1590 
K, holding  1 hour  at 1590 K, lowering the 
temperature  to 1475 K, and removing from  the 
furnace  and  air cooling. The  STCA heats given only 
this standard heat treatment  are identified by the 
suffix "S". Heat  numbers 265SC and 266SC  were 
given the  standard heat treatment followed by an 
additional  24-hour  anneal  at 11  15 K to precipitate 
carbides. 

In addition  to  the above ODs alloys, a limited 
amount  of testing was conducted  on  the Special 
Metals  experimental alloy YD-NiCrAl. One piece of 
heat treated bar stock approximately 3.8 by  1.3  cm  in 
cross section and 28  cm long was obtained  from  the 
manufacturer;  the  nominal  composition  of this alloy 
is also listed in  table I. 

(a)  Cross section (half piece) macroetched with 70% HC1-30% 
Hz02 mixture. 

(b) Longitudinal  section macroetched with 70% HC1-30% 
Hz02 mixture. 

(c) Crack  found in cross section of MA-956. Metallographically polished 
and etched with 30 g NH4F-50  cm3  HNO3-20  cm3 Hz0 mixture. 

Figure 1. - Structure  of  as-received filA-956. 
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The crystallographic textures and grain sizes of all 
alloys were determined.  Both superalloys possessed a 
very large ascast grain structure with a basically 
random texture. B-1900 exhibited a minor texture 
where the [100] direction was parallel to  the length of 
the ascast bars. Additionally, it was noted  that  both 
superalloys contained very  few grains with the  [l 111 
direction parallel to  the  bar length; the number  found 
was  less than expected for a truly “random” 
orientation. 

Textures and grain sizes for  the  ODS alloys are 
reported in table 11. The grain sizes are arithmetic 
averages; wide variation about  the reported sizes 
exists. In  particular, MA-757 and‘ STCA-262/264 
exhibited diameters in the  long transverse-short 
transverse plane as small as  8 microns and  as large as 
500 microns. Of the nickel-base  ODS alloys, only 
STCA-266s  had  a grain aspect ratio greater than 10 
in the longitudinal direction. MA-956  possessed an 
extremely large grain structure  as  shown in figure 1. 
The  “grains” are cigar-shaped, on  the  order of a cm 
in diameter by tens of cm long in the extrusion 
direction. Based on  the [lo01 texture, all of the 
nickel-base ODS alloys have low elastic moduli in the 
direction parallel to  the extrusion axis of the  bar; 
unfortunately neither the  long transverse nor short 
transverse bar directions are low modulus directions. 
On  the basis of crystallography, all three bar 
directions for MA-956  will have high elastic moduli. 
In general for gas turbine applications, low modulus 
orientations are desirable (ref. 9) to reduce  thermal 
stresses. 

Testing Procedure 

Specimen  geometry and machining.-All 
machining of  test bars was done by Metcut Research 
Associates, Inc. Threaded grip end  round  bar tensile- 
type specimens  with a 0.635-cm-diameter reduced 
section  were machined  from each alloy. While  it  is 
normal practice to utilize cast test specimens  for 
B-1900 and MAR-M509,  specimens of  both alloys 
were machined  from  the ascast bars. This  procedure 
was  followed so that  both  the superalloy and ODS 
alloy  specimens  possessed similar surface finishes. 
All superalloy specimens and  many MA-956 
specimens  in the longitudinal direction possessed a 
5.7cm-long  reduced section. All other  specimens  had 
either a 3.2- or  2.5cm-long  reduced section. Since 
the emphasis  of  this  program was on  the 
measurement of residual properties after small 
amounts  of  prior creep strain,  specimens with 5.7cm 
reduced sections were desired in order to more 
accurately measure the creep strains.  However,  due 
to limitations on the size of  the  bar stock 
(particularly for  the  long transverse direction) and 
the availability of material, shorter  reduced sections 

had to be used for many material-test direction 
combinations.  The  reduced sections of all test 
specimens  possessed a 16 rms or better surface finish 
and were free of defects as determined by dye 
penetrant inspection. 

Generally, no difficulties were encountered in 
machining  the alloys. However,  a large fraction 
(about 60 percent) of MA-956  specimens  with  gage 
length parallel to  the long transverse direction had to 
be discarded because of flaws (as  revealed  by  dye 
penetrant techniques) in the reduced section. The 
source of  the flaws has  not been identified; however, 
several cracks were found in the as-recieved cross 
section of MA-956. These cracks start  at  the  bar 
surfaces  and  generally  follow  the  “grain” 
boundaries, as shown in figure 1. 

Tensile  testing.-Room temperature  and elevated 
temperature tensile testing were conducted by Metcut 
Research Associates, Inc. All tensile testing followed 
the  procedures outlined in ASTM Specifications 
E8-69 and E21-70. Elevated temperature tensile 
testing was conducted in air at 1144,  1255,  1366, and 
1477 K except for  the  STCA alloys and YD-NiCrAI. 
The latter alloy was not tensile tested  because only 
eleven  specimens  were available; only 1366 K tensile 
tests were run  for the STCA alloys since the  number 
of specimens for each composition-direction-heat 
treatment combination was also limited. The 
measured tensile properties included 0.02 and 0.2 
percent  yield stresses, ultimate tensile strength, 
elongation, and reduction in area. 

Creep testing.-Elevated temperature creep testing 
was conducted at Metcut Research Associates, Inc., 
following the  procedures  outlined in ASTM 
Specification E139-70. For test temperatures below 
1260 K an electromechanical extensometry system 
(LVDT which  measures differential motion  of 
extensometer  arms attached to  the gage sections) was 
generally  used to determine creep strain.  For 
temperatures exceeding  1260 K, an optical creep 
measuring system  (creep cathetometer used  in 
conjunction with platinum  strip  extensometers 
attached to  the specimens)  was used. A few  1255 K 
creep tests were conducted  with  the  optical 
extensometry system. Tests were conducted in air at 
various stress levels at 1144,  1255, and 1366 K. 
MA-757 and MA-956  were also tested at 1477 K 
whereas the  STCA alloys and YD-NiCrAl  were only 
tested at 1366 K. Creep tests were conducted to 
rupture  or were terminated  after  about 150 hours. 
The creep properties reported include plastic strain 
on loading; plastic strains after 0.1, 5, 10,  25, 50, 
100, and 150 hours of testing; plastic strain  at  the end 
of test; minimum creep rate;  and time to  rupture if 
the specimen failed. Unfailed creep specimens  were 
utilized in the  determination  of residual tensile 
properties. 
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Residual  property testing. “In this study, creep 
tests were  designed to  introduce various amounts  of 
strain  into  each alloy in order  to  determine if  slow 
plastic deformation at elevated temperatures affects 
subsequent  mechanical properties. Following creep 
testing specimens  were tensile tested at  room 
temperature. Due to  the low ductility of MAR-M509 
at  room  temperature, a few  MAR-M509  specimens 
which had been creep tested at 1255 K were also 
tensile tested at 1144 K. In all cases, the  measured 
residual tensile properties included 0.02 and 0.2 
percent yield stresses, ultimate tensile stress, 
elongation,  and reduction in area.  The residual 
strength properties were calculated on the basis of  the 
original (prior to creep testing) specimen diameter. 
Residual ductility measurements  for specimens  with 
less than 1 percent creep strain were based on the 
original gage  dimensions while ductilities for 
specimens crept to more  than 1 percent strain were 
based on gage dimensions  after creep. The  latter 
procedure was  necessary since specimens  with more 
than 1 percent creep strain  had usually  necked in the 
gage section. 

Most residual property tests were conducted at 
Metcut Research Associates, Inc., following  test 
procedures previously outlined for  room  temperature 
and elevated temperature tensile testing. A few 
interruped creep specimens  which  possessed damaged 
grip  ends were tensile tested at  the Lewis  Research 
Center;  only ultimate tensile strength and ductility 
data were obtained  from these residual property 
tests. 

Stress-rupture testing.-Stress-rupture testing of 
the superalloys and ODS alloys MA-757 and 
MA-956  was conducted at the Lewis  Research 
Center. Tests were  designed to produce  rupture at 
times ranging  from 10 to  about 500 hours at 1144, 
1255, and 1366 K; in addition,  the  two ODS alloys 
were tested at 1477 K. All testing was conducted in 
air and followed the  procedures outlines in ASTM 
Specification E139-70. Several MA-757 and 
MA-956 stress-rupture specimens  which had not 
failed after  about IO00 hours  of testing were 
unloaded and tensile tested at room  temperature in 
order  to assess the effects of  long-term stress- 
temperature  exposure on mechanical properties. 

Following mechanical  property testing, selected 
specimens  were  examined  by  s tandard 
metallographic and scanning electron microscopy 
(SEM) techniques. 

Results and 
Superalloys 

A complete 
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tabular presentation of all the 
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Figure 2. - Tensile  properties as a function of tempera- 
ture. 



mechanical properties for B-1900 and MAR-M509 
determined  in this study is  given in  appendix A. 
Figure 2 shows  the ultimate tensile strength and 
elongation data  as a function of  temperature,  and 
figure 3 shows the stress-rupture data determined at 
1255 K for  both alloys. In addition, typical literature 
data (ref. 11) are included. The  literature  data  for 
B-1900 in these two figures were determined  for 
specimens  in the assast condition, while the B-1900 
specimens in this study had been subjected to a heat 
treatment. According to reference 1 1 ,  it  is usual 
practice to employ a heat treatment in  order  to 
improve  the  rupture life and ductility at 1033 K. 
Unfortunately, neither the tensile nor stress-rupture 
data  for B-1900 bar reported in reference 11 are  for 
the heat-treated condition. The tensile data in figures 
2(a) and (b) indicate that  both alloys tested in this 
program are weaker than typical heats of material. 
Also, figure 3 illustrates that  the  rupture strength of 
MAR-M509 at 1255 K is  less than  the typical strength 
while the  rupture strength of B-1900 at 1255 K is 
equivalent to  the typical strength levels. The exact 
reasons why 

l I :  100 

a: "F 

the ~ iested heats of B-1900 and 

Slope, 

! B 

-5.88 

I I I I l l l l l  d I I I I I I I I I  
100 1Mx) 

Stress, MPa 

Figure 3. - Rupture  life  as a function of stress for 
8-1900 and MAR-Mm at 1255 K. 

MAR"509 are weaker than  normal is not  known; 
one possible cause is the use of test  specimens 
machined  from cylindrical castings rather  than cast 
specimens. 

Comparison  of the stress-rupture data in appendix 
A for B-1900 and MAR-M509 at 1 1 4 4  and 1366 K to 
literature data reveals that  the material behavior at 
these temperatures is also similar to  that seen at 1255 
K. That is, the B-1900 alloy tested in this study 
possesses stress-rupture strengths equivalent to those 
previously reported in the literature while the 
MAR-M509 material is  weaker than previously 
reported strengths. Typical photomicrographs  of  the 
as-recieved microstructures and  the microstructures 
of selected stress-rupture specimens are presented in 
appendix B. 

Typical creep curves and minimum creep rate  data 
as a function of applied stress for B-1900 and 
MAR-M509 tested at 1255 K are presented in figures 
4 and 5 ,  respectively. The  data in these figures 
demonstrate  that creep in these alloys is  generally 
well-behaved. The degree of scatter in  minimum 
creep rates for MAR-M509 tested at  the two lowest 
stresses  (55.3 and 41.4 MPa) was unusually high (fig. 
5) ;  multiple testing for either alloy at other stresses 
and  temperatures  almost always resulted in  minimum 
creep rates within a factor of two. Creep at 1144 and 
1366 K for these two alloys was also well-behaved. 

Typical residual tensile properties for  the two 
superalloys after creep testing at 1255 K are presented 
in figure 6. For  purposes  of  comparison, this figure 
also contains tensile data from as-received  specimens 
and  from specimens  which had been thermally 
exposed for 150 hours in air at 1255 K. Knowledge of 
the effects of  thermal  exposure alone is important  for 
the superalloys because their complex chemistries can 
induce precipitation reactions. 

The residual property data  for B-1900 in figure 
6(a) indicate that  thermal  exposure alone at 1255 K 
slightly  decreases the ultimate tensile strength and 
elongation. Furthermore, it appears  that creep 
strains up to 1.25 percent do not unduly affect the 
residual properties. On the  other  hand,  the test 
specimen  which  was creep strained to 1.91 percent 
did exhibit  much  lower residual properties. In fact, 
this specimen failed before the 0.02 percent yield 
strength was reached. Examination of the  fracture 
surface revealed a large region of  oxide which formed 
during creep testing. The clean fracture  surface 
shown in figure 7(a) is typical for most of the B-1900 
specimens;  while the nodular  fracture  surface  in 
figure 7(b) is the  only  example  of a partially oxidized 
superalloy residual property  fracture  surface seen in 
this study. 

A review  of the residual property  data in appendix 
A for B-1900 after creep testing at either 1 1 4 4  or 
1366 K indicates that creep at these temperatures also 
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Figure 4 - Typical creep curves for  B-1Y00and  MAR-M509 
at  1255 K 

has little influence beyond that  due  to thermal 
exposure alone on residual room  temperature tensile 
properties. For  example, neither prior creep strains 
up  to  about 4 percent at 1144 K nor creep strains up 
to 0.7 percent at 1366 K affected the residual tensile 
properties. 

- 
0 B-1900 
0 MAR-M509 

Slope, 

74 

I I I 1  IIIII I I I 1 1 1 1 1 1  I I I I I I I I I  
10  100 loo0 

Stress,  MPa 

Figure 5. - Minimum creep  rate as a function of stress for 
6-1900 and  MAR-MH19  at  1255 K 

Examination  of the microstructures of selected 
residual property specimens did not reveal gamma- 
prime-free regions similar to those reported by  Tien 
and Gamble (ref. 7) or Gibbons (ref. 8). The  absence 
of  gamma-prime-free regions is probably  due to  the 
much larger grain size (greater than a factor of ten) in 
the present B-1900 as compared to the alloys 
discussed in references 7 and 8. Thus it appears that 
nickel-base alloys with large grain size cast 
microstructures will not be subject to creep 
degradation effects. 

The  room  temperature residual property data  for 
""509 after being creep tested for  about 150 
hours  at 1255 K are presented in figure 6(b). This 
figure also contains tensile properties for as-received 
specimens and specimens which had been  exposed 
150 hours in air at 1255 K. Thermal  exposure alone 
slightly increases the strength and decreases the 
ductility. Creep  strains  up  to  about 1.8  percent do 
not  appear to further  reduce tensile properties by any 
significant amount.  The SEM fractograph shown in 
figure 7(c)  is typical of  both heat treated and creep 
strained residual property specimens. 

Because of  the  rather low room  temperature 
ductility of MAR-MSB, residual tensile property 
tests were also conducted at 1144 K following creep 
testing for  about 150 hours  at 1255 K. The 1144 K 
residual tensile property  data  are shown  in figure 
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(a)  0-1900  strained 0.12 percent  at 96.5 MPa before tensile 
testing. 

(a) B-1900 tensile tested at room temperature. 

0 
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(b) MAR-Mm tensile tested at room temperature. 

350 r 
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(c) MAR-M509 tensile tested at 1144 K 
Figure 6. - Residual  tensile  properties as a function of 

prior creep strain  for B-1900 and MAR-MH19 creep  tested 
at 1255 K for approximately 150 hours. 

(b)  0-1900  strained  1.91  percent  at  137.9  MPa  hefore  tensile 
testmg. 

(c) M A R 4 5 0 9  strained  0.82  percent at 68.9  MPa  before tensile 
testing. 

Figure 7. - SEM fractographs  of 9-1900 and  MAi”9 residual 
property  specimens  strained in creep  at  1255 K for  approxi- 
mately  150  hours  and tensile  tested  at room  temperature. 
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6(c). At this temperature, prior thermal  exposure 
alone has little effect on  the tensile properties. While 
prior creep up  to approximately 1.8 percent strain 
does  not greatly influence the ultimate tensile 
strength,  the tensile elongation was reduced  from 
about 20 percent for as-received and thermally 
exposed to  about 13 percent after creep straining. 
However,  the ductility of  ascrept specimens  is still 
reasonable. 

A review of the room  temperature residual 
property data  for MAR-M509 in appendix A 
indicates that 1144 K creep straining has no effect 
while the effect at 1366 K is not clear. In comparison 
to as-received properties, thermal  exposure at 1144 K 
increases ultimate tensile strength by 15 percent and 
reduces the tensile elongation from  about 2 percent 
to about 1 percent; these changes  are  maintained 
even after 6.83 percent creep strain at 1144 K. 
Compared to as-received properties,  thermal 
exposure at 1366 K has little effect on ultimate tensile 
strength, while elongation is decreased to about 1 
percent. Of the six possible 1366 K residual property 
specimens,  two  (with 0.08 and 0.31 percent creep 
strain) failed while  being  removed from  the test 
fixtures, one (with 0.09 percent strain) failed before 
reaching the 0.2 percent yield stress, and the 
remaining three (0.17, 0.18, and 0.53 percent strain) 
possessed  tensile properties similar to  the thermally 
exposed  specimens. Thus, while  it appears  that creep 
strains up to  at least 0.53 percent can be tolerated at 
1366 K, the large number  of questionable failures is 
disquieting. 

Summary of superalloy behavior. "In summary 
for  the superalloys B-1900 and MAR"509, prior 
creep at temperatures  ranging  from 1144 to 1366 K to 
strains on  the  order  of 1 percent generally  have little 
effect on  subsequent tensile properties beyond those 
changes in tensile properties ascribed to thermal 
exposure alone. 

Oxide  Dispersion Strengthened Alloys 

A complete  tabular presentation of all the 
mechanical properties determined for  the ODS alloys 
is  given  in appendix A. For simplicity, typical 
mechanical properties for each ODS alloy are 
presented in the following sections. 

MA-757.-Typical  elevated temperature tensile 
properties are presented in figure 8 and stress-rupture 
properties at 1366 K in the longitudinal and long 
transverse bar directions are presented in figure 9. 
While the elevated temperature tensile strength is not 
dependent on testing direction, both tensile ductility 
and  rupture strengths are directionally dependent. In 
rupture testing, the longitudinal direction was  always 
stronger  than  the  long  transverse  direction, 
irrespective  of test temperature  (appendix A). 
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Figure 8. - Tensile  properties  as  function of tem- 
perature  and test direction  for MA-757. 
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Figure 9. - Rupture  life as a function of 
stress for MA-757 at 1% K. 



Photomicrographs  of representative stress-rupture 
specimens are presented in appendix B. Of particular 
importance  are the presence of dispersoid-free 
regions, extensive grain boundary cavitation and 
cracking, and massive internal oxidation (which leads 
to extended stress-rupture life and high rupture 
ductilities). All of these effects reduce  the usefulness 
of stress-rupture data  for design purposes (ref. 1). 

Typical  1366 K creep curves and minimum creep 
rates as a function of stress are shown in figures 10 
and  1 1, respectively. As is the case for most ODS bar 
alloys, the longitudinal direction is stronger than  the 
long transverse direction. Also it should be noted 
that very small changes  in stress (about 3.5 MPa) can 
produce very large changes in creep strain.  Thus it 
proved difficult to induce  moderate  amounts  of creep 
strain (from  about 0.4 to  about 1.0 percent) under 
the testing conditions (strain after 150 h  of testing) 
used in this study. 
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Figure la  - Typical  creep  curves  for  MA-757  at  1366 K. 

The creep data in appendix A for MA-757  reveals 
that creep behavior at 1144,  1255, and 1477 K is 
similar to  that  at 1366 K; the longitudinal direction is 
stronger than  the long transverse direction and small 
changes in stress can result in large changes in creep 
strain. 

Residual tensile properties after prior elevated 
temperature creep straining are presented in figure 
12. Previous residual property studies of ODS alloys 
(refs. 2  and 3) have indicated that tensile ductility and 
fractography are  the  most sensitive indicators of 
creep damage; in general, rather severe creep damage 
(very large scale dispersoid-free bands, cavitation, 
and internal oxidation) must  take place before 
significant changes in residual strengths are  noted. 

The residual mechanical property data  in figure 
12(a) indicate that  both  the ultimate tensile strength 
and ductility in the longitudinal direction can be 
affected by prior creep. In general, the ultimate 
tensile strengths are  not greatly reduced (maximum 
reduction observed  was 25 percent) by creep strains 
up to about 0.55 percent. The  behavior  of  the 
residual ductility shown  in figure 12(a)  is erratic; 
both increases and decreases as compared to as- 
received ductility are observed. Thus, while prior 

t 
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Figure 11. - Minimum creep  rate as a func- 

tion of stress  for  MA-757  at 1366 K. 
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figure 12 - Residual r w m  temperature  tensile properties 
as a function of prior creep strain  for MA-757 strained 
at 1144 to 1477 K for approximately 150 hours. 

creep straining apparently does not produce creep 
degradation in  every instance, the mechanical 
property data illustrate that creep degradation can 
occur  in the longitudinal direction. 

Fractographs of residual property specimens  (fig. 
13) and microstructures of stress-rupture tested 
specimens (appendix B) indicate that microstructural 
changes (refs. 2 and 3) which  lead to degradation of 
mechanical properties are occurring during creep.  In 
particular, pock-marked fracture surfaces are 
considered  indicative of damage associated  with the 

(a) Longitudinal specimen strained 0.32 percent  at 68.9 MPa 
before  tensile  testing. 

(b) Long transverse specimen strained 0.25 percent  at 34.5 
MPa before  tensile  testing. 

Figure 13. - SEM fractographs  of MA-757 residual  property 
specimens  strained  in creep at 1255 K for approximately 
150 hours and tensile  tested  at room  temperature. 

formation of  weakened, dispersoid-free regions 
during  prior creep straining. Thus,  the eventual 
reduction of mechanical  properties in the 
longitudinal direction after long term elevated 
temperature creep straining shouId  be  expected. 
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The residual mechanical property data in figure 
12(b) also indicate that creep damage has  occurred 
for tests conducted in  the long transverse direction. 
In general, for prior creep  exposures  between 1144 
and 1366 K, creep damage occurs at  about 0.1 
percent strain while prior creep at 1477 K to  about 
0.44 percent strain does not appear to affect residual 
properties. Fractography of residual property 
specimens  which had previously  been creep strained 
at 1255 K (fig. 13) and metallography of failed stress- 
rupture specimens  tested at 1 1 4 4  and 1477 K 
(appendix B) reveal microstructural  features 
intimately connected with creep degradation. 

MA-956.-0f the alloys  tested in this program, 
MA-956 is  by far  the most unusual and interesting. 
Because of  this,  the  majority of the MA-956 data  on 
longitudinal properties will be graphically presented. 
In general, data  for MA-956 in the long transverse 
direction will be only summarily presented. Only a 
few  tests  in the long transverse direction were 
conducted due to difficulties in obtaining  sound 
specimens. All  mechanical property data obtained 
for MA-956 are presented  in appendix A. 

Typical  elevated temperature tensile properties for 
MA-956 tested  in the longitudinal and long 
transverse bar directions are shown in figure 14. In 
general, the longitudinal direction was stronger and 
more ductile than  the long transverse direction. The 
strength data in the long transverse direction at 1 1 4 4  
and 1255 K exhibited considerable scatter, possibly 
due to internal defects  (see  fig. 1). Except at room 
temperature,  the strength and ductility results  in the 
longitudinal direction were consistent. At room 
temperature the long transverse specimen and  one 
longitudinal specimen failed by cleavage at low 
elongations; the  other longitudinal specimen also 
failed  by  cleavage but only after considerable 
deformation. 

The stress-rupture characteristics of MA-956 
tested  in the longitudinal direction are shown in 
figure 15. These data reveal that  the stresses to 
produce rupture in  times ranging from 0.1 to greater 
than 10oO hours for temperatures ranging from 1144 
to 1477 K lie  in a band about 30 MPa in width. 
Rupture life  is thus highly dependent on stress. 

Typical creep curves for longitudinal MA-956 
tested at 1255 K are shown in figure 16 and steady 
state creep rate data as a function of stress and 
temperature are presented in figure 17. Examination 
of the creep  curves in figure 16 illustrates an 
important characteristic concerning creep failure  of 
MA-956. When failure occurs, there is almost an 
instantaneous  transition  from an apparently slowly 
deforming specimen to a failed specimen. The 
process or processes  which control the final few 
moments of life must be very rapid and allow 

15 - 
0 

10 

5 0 

5 9 8  LC, 1100 0 O L ,  Temperature,  1300 K 1500 

Figure 14 - Tensile  properties  as a function of temper- 
ature and  test  direction  for MA-9%. 

considerable deformation to occur as indicated by 
the final elongation and reduction-in-area data  for 
the failed specimens (appendix A). Except for  the 
short life  tests (failure times  less than 10 h), MA-956 
does not exhibit third stage creep. This behavior was 
noted at all four test temperatures. 

A macrograph of a typical  failed MA-956 
specimen is shown in figure 18. As can be seen, 
considerable localized deformation (reduction in 
area)  has occurred. Note, however, that  the observed 
deformation  has  apparently taken place only on  one 
side of  the test  specimen  while the other side has 
remained essentially parallel to  the stress axis. 

Typical SEM fractographs  of the fracture  surface 
of the same MA-956 specimen shown in figure 18 are 
presented in figure 19. Figure 19(a) shows a flat 
crack-like surface which is perpendicular to  the 
applied stress, and figure 19(b) illustrates a region, 
ahead of the crack-like surface, which  is composed of 
small flat  areas  on  many  different levels.  Similar 
fracture surfaces have been  seen on specimens of 
MA-956E after stress-rupture testing at 1365 K (ref. 
4) and  on MA-956 bar  after slow tension testing at 
1366 K (ref. 12). The  latter work presents evidence 
that  the  flat regions found  on  the fracture surfaces of 
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Figure 15. - Rupture  life as a function of stress in longitudinal  direction  for MA-956 at 1144 to 1477 K. 
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Figure 16. - Typical creep  curves in longitudinal  direction 
for MA-956 a t  1255 K 

MA-956 are indeed the result  of  slow growth of a 
crack and  that  the multilevel  region ahead  of  the 
crack occurs when the  running crack is undergoing 
the  transformation  from slow to fast growth.  Crack 
growth processes apparently take place in  MA-956 
until the remaining load-bearing area is  reduced to 
the point where fast ductile deformation  can occur. 
Since the  running crack starts  at  or  near  the surface 
of the test  specimen and slowly grows until overload 
conditions occur, metallographic sections parallel to 
the stress axis should reveal a  structure which has a 
deformed and undeformed  appearance on opposite 
sides of the specimen. This is consistent with the 
structure shown  in figure 18. 

Because of  the slow crack growth mechanism by 
which  MA-956 apparently undergoes slow plastic 

deformation,  the  measurement  and reporting of 
minimum creep rates may not be meaningful. 
However,  for completeness, these data were 
characterized and  are graphically presented in figure 
17. This figure contains  approximate minimum creep 
rate  data  for two tests which underwent no 
deformation  after  about 150 hours of testing (points 
plotted at rate = 10-lo s-l and five tests which 
underwent considerable deformation in a short time. 
The  minimum creep rate  data in figure 17 are very 
similar to  the stress-rupture data in figure 15 in that 
both  deformation rates and  rupture lives are highly 
dependent on stress. 

The creep data in figure 17 also illustrate the very 
strong  dependency of creep rate  on stress, where 
small changes in stress produce  dramatic differences 
in behavior. Although  many attempts were made, it 
proved impossible to induce  moderate  amounts of 
creep strain  into MA-956  specimens. There were  only 
12 unfailed creep specimens  out  of  a  total  of 34 creep 
tests; of these specimens,  one  had 0.25 percent strain, 
two had  about 0.15 percent strain,  and  the  remaining 
had 0.1 percent or less strain. Except for  the  short life 
tests, very little creep deformation was observed. The 
maximum  amount  of creep strain seen in any test 
(prior to  the  rapid  failure processes, if fajlure 
occurred) is shown in figure 16 by the test conducted 
at 81 MPa. 

Typical  room  temperature  residual  tensile 
properties of MA-956  in the longitudinal direction 
are presented in figure 20. These data indicate that 
for  prior elevated temperature creep strains of less 
than 0.25 percent, MA-956  is not subject to creep 
degradation.  Attempts to introduce larger creep 
strains were not successful. No evidence of creep 
damage was  seen during SEM examination  of 
selected fracture surfaces. Only  cleavage type 
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Figure 17. - Minimum creep rate  at a function of stress for MA-956  tested in longitudinal  direction at 1144 to 1477 K. 

Figure 18. - Macrograph  of failure region of MA-956 rupture tested in 
longitudinal  direction  for 143.1 hours  at  72.4  MPa  and 1366 K. 

features were  seen on  the  fracture  surface  of as- 
received room  temperature test specimens, whereas 
regions of ductile failure as well as cleavage failure 
were  seen on  the residual property test  specimens. 
Typical examples of residual fracture surfaces are 
presented in figure 21. 

In  summary,  the  elevated  temperature 
deformation characteristics of MA-956 tested in the 
longitudinal direction are unusual. Under test 
conditions designed to  promote slow plastic flow, the 
alloy apparently deforms  by  the  growth  of cracks. 
This process  is rather insensitive to test temperature 
but extremely sensitive to stress. With regard to 
residual properties, MA-956  is not subject to creep 
degradation  in the longitudinal direction at least up 
to prior creep strains  on  the  order of 0.25 percent. 

STCA alloys.-Only room  temperature  and 1366 
K tensile testing, 1366 K creep testing, and room 
temperature residual property testing were conducted 
on STCA alloys; all test results are tabulated in 
appendix A. 

The 1366 K tensile data (appendix  A) reveal that 
the tensile strength of  STCA alloys is independent  of 
chemistry and test direction. While  tensile elongation 
appears to vary with chemistry, the reduction-in-area 
ductility data  do  not indicate significant differences 
based on chemistry. Both ductility indicators reveal, 
however,  that  the longitudinal direction is more 
ductile than  the  long transverse direction at 1366 K. 

Typical creep curves and minimum creep rates as a 
function of stress, testing direction, and heat 
treatment are presented in figures 22 and 23, 
respectively, for STCA-266  tested at 1366 K. This 
alloy contains about 1.2  weight percent Ta in 
addition to nominally 16Cr and 4.5A1 (table I); 
STCA-266SC  was  given a carbide precipitation heat 
treatment following the  standard heat treatment.  The 
creep rate  data in figure 23 indicate that  the alloy in 
the longitudinal direction is more creep resistant than 
in the long transverse direction; additionally, it 
appears  that  the carbide heat treatment lowers the 
creep strength of heat STCA-266  in the long 
transverse direction. As  is the case for  most ODS 
alloys, small changes in stress can  produce large 
changes in creep strain.  Thus, it proved difficult to 
induce  moderate creep strains in  specimens for 
residual property testing. Whereas the creep behavior 
in figures 22 and 23 is typical, discrepancies in 
behavior were observed; for  example, the carbide 
precipitation heat treatment lowered the creep 
strength of STCA-266 but  did  not affect the strength 
of STCA-265 (appendix A). Also in the longitudinal 
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(a)  Fracture  surface  in  crack-like  region. 

(b) Fracture  surface  ahead  of  crack. 

Figure 19. - SEM fractrographs of MA-956 specimen  ruptured 
tested in longitudinal  direction  for 943.1 hours at 72.4 MPa 
and 1366 K. 

testing direction the Ta-free alloy (STCA-262/264S) 
and  the Ta-rich alloy (STCA-265s) are stronger than 
the intermediate Ta level alloy (STCA-266s); 
however in the long transverse direction the Ta-free 
and  the intermediate level Ta alloys are stronger than 

the Ta-rich alloy. The reasons for this behavior are 
not  known.  Photomicrographs  of representative 
failed creep specimens are presented in  appendix B. 
As  was  the  case  for   MA-757,   these 
photomicrographs reveal the presence of extensive 
grain  boundary cavitation and cracking. Dispersoid- 
free regions and massive internal oxidation were also 
noted  on some  specimens. 

Room  temperature residual tensile properties for 
STCA alloys after 1366 K creep straining are 
compared to as-received properties in figure 24. The 
as-received room  temperature strength properties are 
dependent  on  test  direction  and . essentially 
independent  of chemistry. The ultimate tensile 
strengths are  about 1300 and 1100 MPa in the 
longitudinal  and  long  transverse  directions, 
respectively, and  both testing directions and all 
chemistries exhibit from 5 to 6 percent elongation. In 
the longitudinal test direction, prior creep straining 
up  to 0.11 percent had  no effect on residual 
properties except for  the STCA-265SC  specimen pre- 
crept 0.09 percent (fig.  24(a)); SEM examination  of 
this specimen  revealed an internal defect on  the 
fracture  surface which produced  the  premature 
failure. Prior creep exposure involving creep strains 
between  0.13 and 0.55 percent in the longitudinal 
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Figure 20. - Residual r w r n  temperature  ten- 
sile  properties as a function of prior  creep 
strain  for MA-956 strained in longitudinal 
direction  at  1144  to 1477 K. 
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(C) STCA-266SC in long  transverse direction. 

Figure 22 - Typical  creep curves  for STCA-2665 and STCA- 
266SC at 1366 K 

(b) Strained 0.15 percent  at 77.6 MPa before  tensile  testing. 

Figure 21. - SEM fractographs  of  longitudinal MA-956 residual 
property  specimens  strained in creep  for  approximately 150 
hours  at 1255 K and tensile  tested  at room temperature. 

Cleavage  fracture. 

direction lowered the tensile strength about 15 
percent to nominally lo00 MPa, whereas the tensile 
elongation was  progressively  lowered from 6 percent 
to  about 1 percent as  the prior creep strain increased. 

The residual property data in figure 24(b) for  the 
long transverse direction indicate that prior creep 
strain  up  to  about 0.1 percent has  no effect on  room 
temperature properties. However, at greater than 0.1 
percent strain the residual tensile properties are 
severely degraded. In many cases tensile failure 
occurred before the 0.2 percent offset yield strength 
was reached. Two typical SEM fractographs 
illustrating creep-damaged areas on STCA residual 
property  fracture surfaces are presented in figure 25. 

YD-NiCrAI.-As only a few  YD-NiCrAl 
specimens  were available for testing, only 1366 K 
creep and residual property tests were conducted. 
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Figure 23. -Minimum creep rate  as a function of stress 
for STCA-266s and STCA-266SC at 1356 K 

Typical creep curves are shown  in figure 26 and 
minimum creep rates as a function of stress are 
shown in figure 27. This alloy was reasonably ductile 
in creep because strains up  to  about 0.7 percent after 
about 150 hours of testing could be  readily induced 
(fig. 26). Figure 27 also indicates that creep rates in 
YD-NiCrAl are highly dependent on stress. 

Figure 28 presents residual tensile property data 
for YD-NiCrAI after creep straining at 1366 K. 
Unfortunately, as-received tensile properties are  not 
available for  comparison;  however, the residual 
property data indicate that YD-NiCrAl  is not 
severely affected by prior creep straining in the 
longitudinal direction. In general, the ductility is 
good (8 percent elongation or greater) and tensile 
strength is  high (about 1050 MPa) even after 0.72 
percent prior creep strain. While the residual 
mechanical properties are excellent in terms of 
resistance to creep degradation, SEM fractography 
(fig. 29) of residual property specimens did reveal 
areas which  were creep-damaged.  Thus, long term 
application under slow strain  rate conditions might 
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(b) Long transverse  direction. 

Figure 24. - Residual rmm temperature tensile 
properties as  a function of prior creep strain 
for STCA alloys  strained at 1366 K for approxi- 
mately 150 hours. 
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(a)  STCA-265SC  longitudinal  specimen  strained  0.32  percent  at 
68.9 MPa  before  tensile  testing. 

(b) STCA-266s long transverse  specimen  strained 0.10 percent  at 
20.7 MPa  before  tensile  testing. 

Figure 25. - SEM fractographs of STCA  residual property  specimens 
strained  in  creep for approximately 150 hours at  1366 K and 
tensile  tested  at room temperature. 

lead to severe degradation of subsequent tensile 
properties in YD-NiCrAl as damaged regions 
increase in size during creep. 

Summary  and  comparison of ODs alloy 
behavior.-All of the nickel-base ODS alloys 
examined in this study revealed  signs of creep 
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Figure 26. - Typical  creep  curves  for  YD-NiCrAI in lon- 
gitudinal  direction  at 1366 K 
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Figure 27. - Minimum creep  rate  as a func- 
tion of stress  for  YD-NiCrAI  tested in 
longitudinal  direction  at 1366 K 

degradation. The longitudinal bar direction is more 
resistant to degradation  than the long transverse bar 
direction. In the longitudinal direction, creep strains 
up  to  about 0.5 percent in 150 hours  do  not 
significantly reduce residual room  temperature 
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Figure 28. - Residual  room  temperature ten- 
sile properties as a function of prior creep 
strain  for YD-NiCrAI strained in longitu- 
dinal  direction  at 1366 K for approximately 
150 hours. 

tensile properties. However, the observation of 
microstructural artifacts  thought  to be connected to 
creep degradation on longitudinal test specimens 
indicates that severe damage is possible for very long 
time creep exposures even  if they involve only small 
strains. In the long transverse direction, prior creep 
exposures involving as little as 0.1 percent strain can 
produce significant reduction in residual properties. 
Overall, the residual property  behavior  of nickel-base 
ODS alloys in this study is similar to  that of MA-754 
(ref. 3), where the degree of creep damage was 
dependent on testing direction as well as  the  amount 
of prior creep strain. Finally, on the basis of MA-757 
testing and previous results for TD-NiCr  (ref 2), it 
appears  that creep degradation will occur in 
practically all  nickel-base ODS alloys when creep 
strained between 1144 and 1477 K. 

The  ODS iron-base alloy MA-956 is apparently 
not subject to creep degradation for prior creep 
strains up  to 0.25 percent in the longitudinal bar 
direction. It should be noted,  however,  that it was 
not possible to induce larger creep strains into this 
alloy because of  the  unusual  manner in which 
MA-956 deforms at elevated temperatures. 

With regards to long  term elevated temperature 
creep strength of  ODS alloys, the longitudinal bar 
direction was always stronger than  the  long 
transverse bar direction. Comparison  of  the  long 

(a) Strained 0.07 percent at 41.4 MPa before tensile testing. 

(b) Strained 0.66 percent  at 48.3 MPa before tensile testing. 

Figure 29. - SEM fractographs of YDNiCrAl residual property 
specimens strained in creep at 1366 K for approximately 
150 hours and tensile tested  at room  temperature. 

term creep strength at 1366 K in the longitudinal 
direction of iron-base MA-956 (fig. 17) to those of 
nickel-base alloys (figs. 9, 23, and 27) reveals that 
MA-956 is more creep resistant than  the nickel-base 
alloys. The  data  in appendix A reveal that  the long 
term creep strength of MA-757 at 1 1 4 4  K in the 



longitudinal direction is greater than  that of 
MA-956;  however,  between  1255 and 1477 K the 
opposite behavior is observed, with  MA-956  being 
the stronger alloy. 

Conclusions 
The following conclusions are drawn  from this 

study  of creep and residual mechanical properties of 
high temperature superalloys and advanced ODS 
alloys: 

1. The tensile properties of  the large grain size cast 
superalloys B-1900 (nickel-base) and MAR-509 
(cobalt-base) are  not degraded by creep at least up  to 
about  one percent strain at 1144 to 1366 K. 

2. The  room  temperature properties of  the 
wrought Ni-Cr-Al ODS alloys MA-757, STCA, and 

YD-NiCrAl can be degraded by prior creep strains of 
0.5 percent or less at 1144 to 1477 K. The 
longitudinal direction is less susceptible to creep 
damage  than the long transverse direction. 

3. The  residual  room  temperature  tensile 
properties of the iron-base ODS alloy MA-956 are 
apparently not  degraded  by  prior creep straining up 
to 0.25 percent at 1144 to 1477 K. However, MA-956 
exhibits unusual creep behavior which apparently 
involves nucleation and slow growth of cracks. 

Lewis  Research Center 
National  Aeronautics and Space  Administration 
Cleveland, Ohio,  August 21,  1980 
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Appendix A 

Mechanical  Properties of Test Alloys 
.. . 

This appendix  presents a tabular SU&~WY of dl mechanical  property  data  generated  during  this  study. Each 
alloy and  its  pertinent  tables  are  listed  here: 

B-1900 Tables  III(a) to (d) 
MAR-M509 Tables IV (a) to (e) 
MA-757 Tables V (a) to (d) 
MA-956 Tables VI (a) to (d) 
STCA Tables VI1 (a) to (c) 
YD-NiCrAI Tables VI11 (a) and (b) 
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Appendix B 

Microstructure of Several  Tested Alloys 

The  following  appendix  contains  typical 
photomicrographs  of  the  alloys which  were 
extensively  s tudied.   Where  meaningful ,  
photomicrographs  of  both as-received and test alloys 
are presented. 

Figure 30 contains photomicrographs of as- 
received and stress-rupture tested B-1900. As can  be 
most  easily  seen  in figure 30(a), the as-received 
B-1900 contains porosity due  to  the casting process. 

Figure 30(b) shows a typicalmicrostructure  for  long 
term B-1900 stress-rupture specimens. Comparison 
of figures 30(a) and (b) indicates that  the gamma- 
prime  phase  grows  during rupture testing. Also 
figure 30(b) shows  oxide  penetration  along  grain 
boundaries. Both specimens were etched with a 
mixed acid solution containing 33 parts by  volume 
HCl, 33 parts acetic acid, 33 parts HNO3, and 1 part 
HF. 

(a) As-received. (a)  As-received. 

s 

(b) Stress  rupture  tested for 624.6  hours at 117.1 MPa and  1255 K. (b) Stress  rupture  tested for 606.2 hours at 68.9  MPa and 1255 K. 

Figure 30. - Microstructures of E-1900. Figure 31. - Microstructures  of  MAR"509. 
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The microstructure of as-received MAR-M509 is 
shown in figure 31(a)  where the  Chinese script 
pattern  of  the carbides can  be easily  seen. A typical 
microstructure of long  time stress-rupture tested 
MAR-M509 is presented in figure 31(b). Carbides 
and oxide penetration along grain boundaries are 
evident in this figure. All MAR-M509 specimens 
were etched with the mixed acid solution. 

Examples  of the microstructure found in stress- 
rupture tested MA-757 are shown in figure 32. 
Extensive intergranular  cracking is evident in 
specimens tested at 1144 K, while intergranular void 
formation is  seen in specimens tested at 1477 K. 

Dispersoid-free zones are also visible after testing at 
both temperatures. These microstructures are similar 
to those  observed  in  other nickel-base ODS alloys 
(refs. 1 to 3). All specimens were electrolytically stain 
etched with a chromic acid mixture (100 ml H20,  10 
ml H2SO4, and 2 g  chromic acid). 

Finally, typical examples  of the microstructure of 
failed STCA creep test specimens are shown  in figure 
33. The microstructures shown are similar to those 
presented for MA-757, and contain dispersoid-free 
bands,  grain  boundary cracking and cavitation, and 
massive internal oxide. All alloys were electrolytically 
etched with a buffered  aqua regia solution containing 
33 percent glywrine by volume. 

(a )  Longitudinal  specimen  stress  rupture  tested for  160.8 hours at 
130.9  MPa and 1144 K. 

(D) Long  transverse  specimen  stress rupture tested for 110.4 hours at 
82.1 MPa and 1144 K. 

(c) Longitudinal  specimen  stress  rupture  tested 200.6 hours at 31.0 
MPa and 1477 K. 

(d) Long transverse specimen stress rupture tested tor 124.1 hours at 
3.4 MPa and 1411 K. 

Figure 32. - Microstructures of MA-757. 
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(a)  Longitudinal  specimen of STCA-265SC  creep  rupture  tested  fol 
116.2 hours at 72.4 MPa and 1366 K. 

(c )  Long transverse  specimen  of  STCA-265s  creep  rupture  tested for 
165.4 hours at 19.0 MPa and 1366 K. 

(b) Longitudinal  specimen of STCA-266s  creep  rupture  tested for 
146.6 hours at 58.6 MPa and 1366 K. 

(d) Long transverse  specimen of STCA 262/264S creep  tested for 
166.5 hours at. 31.0 MPa and 1366 K. 

Figure  33. - Microstructures  of  STCA  alloys. 



Appendix C 

Regression  Analysis of Stress  Rupture  and  Creep  Data 

As part of this  study,  a  considerable  amount of 
creep and stress-rupture data were generated.  In 
order  to develop equations which could  be used for 
prediction  and  comparison to theoretical  models,  the 
time to rupture  and  steady  state creep rate  data  from 
appendix  A were fitted to the  standard semi- 
empirical  stress-temperature  equations by means of a 
computerized  linear  regression  program.  The 
equations used in this work are: 

In t r )  

= B +  - +n(lns) Q 
R T  

where tr is the time to rupture in hours, eis the  steady 
state  creep  rate  in  reciprocal  seconds, A and B are 
constants, n is a  stress  exponent, s is the  applied 
stress in MPa, Q is an activation energy in joules/g- 
mol-K, R  is  the  gas  constant (8.314 joules/g-mol-K), 
and Tis the  absolute  temperature  in Kelvin. 

Whereas equations (C-1) and (C-2) can be 
independently  applied  to  the  experimental data, the 
activation energy(s) determined by equation (C-2)  is 
(are) only theoretically  meaningful when the stress 
exponents  calculated  at  .different  temperatures via 
equation (C-1) are  equal.  Due to  the limited testing 
at each temperature,  it would be fortuitous if the 
stress  exponents  at  each  temperature were 
determined to be exactly equal. However confidence 
limits for  the  stress  exponents  can be calculated and 
examined to see if a  common  overlap region exists. 
When an  overlap exists and  the stress exponents 
determined  from  equation (C-2) fall within this 
overlap,  a  statistically  meaningful  activation energy 
has been calculated,  and it can be used in theoretical 
models of deformation. If these two  conditions  are 
not  met,  the  “activation energy” and “stress 
exponent” data reported in table IX to XIX are 
simply coefficients which best describe the behavior 
of the  material in question. 

Where possible all  the  experimental data were  used 
in the regression analysis; however, in some 

instances,  particularly for  the ODS  alloys,  editing  of 
the  data was necessary to develop reasonable 
equations.  The  pertinent regression equations  as well 
as  the regression coefficient,  R**2,  for each alloy 
system are  presented  in  tables IX to XIX. 

Applicability of equations (C-2) to determine  a 
meaningful  activation energy(s) was based on 95 
percent confidence  limits  on  the  stress  exponents 
calculated  from  equations (C-1). In  this work only 
stress-temperature  fits of the data obtained  at 1144 K 
and  progressively  higher  temperatures  were 
determined. 

Each  alloy  and  its  pertinent  tables  are listed here: 

B-1900 Table IX 
MAR-M509 Table X 
MA-757 Tables XI to XIV 
MA-956 Tables XV and XVI 
STCA Tables XVII and XVIII 
YD-NiCrAl Table XIX 

B-1900 

The  data presented in table XI indicates  that 
equations (C-1)  well describe the  rupture  and creep 
data  at each  test  temperature. While the stress- 
temperature  fits  are  good for  the 1144-1255 K 
interval,  fits based on  equations (C-2) for  the  larger 
temperature  intervals are not  as  good. Only the 
activation energies calculated  for  the 1144-1255 K 
interval  satisfy  the previously stated  requirements on 
stress  exponents,  and  both  the  activation energy for 
creep  and  activation energy for  rupture  are higher 
than  that  for diffusion in nickel or nickel-base 
superalloys (Q =280kJ/g-mol-K,  ref. 13). 

Since  the  stress  exponents  calculated  from 
equations (C-1) have  common  overlap regions 
(-5.24  to -6.00 for  rupture  data  and-4.63  to 6.28 
for  creep  data), it  is possible that  the stress 
dependency is independent of temperature.  Thus, it 
appears  that  the  inability  of  equations (C-2) to 
successfully  predict  behavior  at  the  larger 
temperature  intervals is due to changes in the 
thermally  activated processes. For example the 
amount,  distribution, size ana shape of gamma- 
prime are functions of time  at  temperature,  and such 
changes in gamma-prime will most certainly  affect 
deformation processes. While such reasoning  is 
appealing, it can  not be proven because of  the 
statistical  correlation  between  stress  and 
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temperature. This  gorrelation is the result of  the 
decreasing strength with increasing temperature  and 
the limitations placed on testing (e.g., time to  rupture 
less than 500 and measureable creep strain  after 150 h 
of testing). For B-1900 the following equations relate 
the stresses for creep testing se and  the stresses for 
rupture testing sr to  the  absolute temperature: 

12  427 lnse= -5.24+- T 

13 106 In se= - 5.52- T 

(R**2=0.92) 

(R* ‘2 = 0.92) 

Because of  the high correlation, it  is difficult to 
separate effects due solely to  temperature  or stress. 

MAR-M509 

Only the activation energy for  rupture in table  X 
calculated from  the 1144-1255 K temperature 
interval is statistically sound.  This activation energy 
(510.6 kJ) compares  unfavorably with the activation 
energy measured for diffusion in Co-Ni alloys 
containing 10 to 25 percent nickel (Q = 250 kJ/g-mol- 
K, ref. 14). 

MA-757 

Some editing of  the raw data was required to 
produce reasonable fits. The results for both the 
unedited and edited data  are shown in tables IX  to 
XIV. Only the activation energies for  rupture  and 
creep for testing in the longitudinal direction (590 
kJ/g-mol-K)  and  the activation energy for  rupture in 
the long transverse direction (518 kJ/g-mol-K) 
calculated from  the 1144-1255 K interval are 
statistically significant for theoretical purposes. 
These activation energies are higher than  that  for 
diffusion in nickel or nickel-base alloys (280 kJ/g- 
mol-K). Both high activation energies and high stress 
exponents  have been observed  during creep and 
rupture (ref 15). 

MA-956 

As can be seen from  the regression coefficients in 
tables XV and XVI, editing of the MA-956 data was 
required. In addition to deletion, data was added: for 
example, ultimate tensile strength data  from  table VI 
was  used as 0.1 hour  rupture life strength and 
ultimate tensile strength-strain rate  data  at 1366 K 
from slow  tensile testing (ref. 12)  was  used in the 
1366 K creep rate regression fit.  While editing 
significantly improved  the fits of the stress rupture 
data,  the  fits of the creep data  at 1366 and 1477 K are 
poor. 

Although the stress exponents in tables XV and 
XVI are quite high, they were not  unexpected since 
similar high  values  were observed  during slow tensile 
testing (ref. 12). None of the activation energies 
calculated for  rupture  are meaningful for theoretical 
work, whereas all the activation energies for creep 
satisfy the stress exponent criteria. The  latter is true 
because the permissible confidence interval is large 
extending from 29 to 67 due  to  the poorness  of  fit. 
Hence the activation energies for creep are of 
questionable value other  than  for best description of 
material behavior. 

STCA Alloys 

While editing of  the creep data  for  the STCA 
alloys was not necessary for  the longitudinal 
direction (table XVII),  minor editing was required 
for  the long transverse direction (table XVIII). 
Application of  “F” tests to  the longitudinal data in 
table XVII permitted comparisons  of  the various 
alloy chemistries (table I) and heat treatments (see the 
section Materials under  Experimental Procedures). 
Such testing indicated that (1) the carbide heat 
treatment had  no effect on  the creep strength of 
STCA-265,  (2) the creep strengths of heats 
STCA-262/264S and -2658 are similar, and (3) 
there  is  a strength  difference  between 
STCA-262/264S (-26%)  and  -2663 where heat 
STCA-266s  is  weaker.  Because  of  these 
observations, the  data  from STCA-262/264S and 
-2658 and STCA-265s and -265SC were pooled 
and  fitted;  the results of this procedure are also given 
in table XVII. 

In a like manner,  the edited data  fits in table  XVIII 
for  the long transverse direction can be tested for 
differences in chemistry and heat treatment.  The 
results of the “F” tests are  as follows: 

(1) The creep strengths of STCA-26% and 
-265SC are similar, but  STCA-266s is stronger 

(2)  STCA-262/264S and  -2663 possess similar 
strength while  STCA-262/264S  is stronger than 

(3) The strengths of  STCA-265s and -266SC are 
similar. “F” tests conducted  on unedited data 
yielded the  same behavior. For completeness  the 
results of regression fits of  the  pooled  data  from 
heats of similar strength are also presented in table 
XVIII. 

Examination  of the results for  both test directions 
with regard to  the effects of  chemistry and heat 
treatment reveals  several discrepancies. A carbide 
heat treatment has no effect on  the  strength‘  of 
STCA-265 but apparently reduces the strength of  the 
low tantalum alloy STCA-266.  While the Ta-free 

than STCA-266SC. 

STCA-265s. 
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alloy (STCA-262/264S) and  the  Ta-rich alloy rich  alloy.  This paradox with reswct  to the chemistry 
(STCA-265s)  are  stronger than  the intermediate Ta cannot be explained on the basis of grain size or  grain 
alloy (STCA-266s) in the  longitudinal  direction,  for aspect ratio  (table 11) as one would  expect the largest 
the long transverse testing direction  the  Ta-free and grain size, highest grain aspect ratio alloy to possess 
intermediate Ta level alloys are  stronger than  the  Ta- the best strength. 
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ALLOY HEAT 
NUMBER 

E-1900 F P 9 2 5 5  

MAR-M509 CJ5098 

HA-757 DTOlABD 

HA-956 DH0001F3 

STCA **262/264 

STCA 265 

STCA 266 

YU-NiCrA1 173 

TABLE 1. - COMPOSITION OF EXPERIMENTAL  MATERIAIS  AS  PROVIDED  BY  VENDORS 

C O M P O S I T I O N P  WT F C T  

AL E C CO  CR F E   H F  MO N I  0 S S I  

SUPERALLOYS 

6.15 ,016  *098  1011  7+74  r21 1.2  5.98 B A L  - e006 * e 0 5  

- * e 0 0 5  t62 B A L  23.6 e26 - - 10.5 - to07 e18 

O X I D E   D I S P E R S I O N   S T R E N G T H E N E D   A L L O Y S  

4.04 - e06 - 15.7 e91 - - B A L  e63 ,005 - 
s t 0 9  - e02 - 20 t7  B A L  - .- - - ,017 - 
4.61 - e05 1t1 15.7 +40 - - B A L  *54  *too2 - 
4.69  .05 e7 15.8 e24 - - B A L  .52 t . 0 0 2  - 
4.77 - to5 e4 15.9 e23 - - B A L  ,53 6,002 - 
4. - - - " - 16. B A L  - - - 

TA T I  w Y Y203 ZR 

4.22 1.09 t . 0 5  - 
3.41 t23 6.90 - 

Y LESS  THAN  AMOUNT  INDICATED.  
b t  AVERAGE OF TWO HEATS. 



TABLE 11. - GRAIN SIZE  PARAMETERS AND CRYSTALLOGRAPHIC  ORIENTATIONS  FOR ODs ALLOYS 

ALLOY 

HA-757 

HA-956 

STCA 
2 6 2 1 2 6 4  

STCA 
265 

STCA 
266 

CHARACTERISTIC  LENGTHY AVERAGE GRAIN  SIZE,  GRAIN  ASPECT  RATIO  CRYSTALLOGRAPHIC  ORIENTATION 
HICRONS  MICRONS 

EXTRUSION  LONG SHORT LONGITUDINAL LONG EXTRUSION LONG SHORT 
A X I S  TRANSVERSE  TRANSVERSE  TRANSVERSE A X I S  TRANSVERSE  TRANSVERSE 

L3 0.85 '-3 L1/JLZL3 L 2 / G  L l  L2 

265 130 

* * 
810 330 

1500 4 4 0  

>6500 660 

YD-N iCrA1  2500 520 

70 110 2 . 8  .95 [io01 

* - - - [i131 

1 4 5  290 3.7 e96 X *  [loo] 

160 4 0 0  5.7 e 9 0  *r(l [io01 

275 >900 >15  <.5 ** [io01 
310 630 6.2 e 6  [loo] 

10111 [Oiil 

ill01 15321 

GREATER  THAN 1 CH. 

S t  WIRE  TEXTURE. 

N 
W 



TEMPERATURE, 
K 

298 

1144 
1144 
1 2 5 5  
1 2 5 5  
1366 

1 4 7 7  
1366 

1 4 7 7  

29a  

TABLF: m. - MECHANICAL PROPERTIES OF E1900 

(a) Elevated  temperature tensile  properties. 

T E R P E R I T U R E ,  
K 

0.02 PERCENT 

REGAPASCALS 
Y I E L D   S T R E S S ,  

1144 
1144 

1144 
1144 
1144 
1144 
1144 
1144 
1144 
1144 

1 2 5 5  
1255 

1 2 5 5  
1 2 5 5  
1 2 5 5  
1255 
1255 
1255 
1255 
1 2 5 5  
1255 
1366 
1366 
1366 
1366 
1366 
1366 
1366 
1366 
1366 
1366 
1477 

1477 
1477 

1477 

535.0 
560.5 

428.9 

204.1 
$13.0 

194.4 
97.2 

29.0 
98.6 

26.2 

0.2 PERCENT 
Y I E L D   S T R E S S ,  
REGAPASCBLS 

6d6.7 
707.4 
586.1 
599.2 
341.3 
326.1 
151.7 
lb2.7 

(A) 
(A) 

ULTIMATE  TEXSILE  ELONGATION, REDUCTION 
STBESS. 

MEGAPASCALS 
PERCENT OF AREA, 

PERCENT 

8 2 8 . 1  7.2  11.7 
199.5 

707.4 
729 .5  

468.8 
439.9 

242.0 
221.3 

27.6 
29.0 

(b) Stress-rupture  behavior. 

STRESS, L I F E ,  
MZGAPASCALS HOURS 

ELONGATION, 
PERCENT 

241.2 
275.6 
303.2 
323.8 
344.7 
344.7 

385.8 
358.3 

934.1 
482 .3  
117.2 
130.3 
137.8 
144.7 
148.1 
158.5 
165.5 
165 .5  
172.3 
192.9 
206.7 

41.3 
48.2 
51.7 
55.1 
58.6 
50.6 
62.0 

82.7 
96.5 
13.8 
20.7 
27.6 
37.9 

68.9 

958.9 
392.6 
108.7 
212.8 

136.9 
47.4 

54.7 
49.8 
21 .o 

6.1  
624.1 
340.9 
236.8 
228.8 

100.5 
98.5 

83 .5  
5 1 . 5  
62 .4  
41.3 
20.8 

€26.4 
362.6 
317.4 
151.5 
123.6 
103.0 
116.8 
35.8 
23.6 

77.4 
7.8 

7.7 
1 .9  

. 1  

3.5 

6.0 
2.8 

7 .0  
1.0 
6.9 
3.3 
4.7 
5.6 

6.0 
2.5 

4.2 
5.1 

6.5 
4.2 
6.0 
6.1 
2. Y 
3.0 
5.0 
5.5 

10.2 
10.2 

3.7 
4.7 
9.0 
3.8 
5.6 

11.0 
3.7 

2.6 
3.7 
9.3 

1.9 
8. a 

3.6 
1.6 
1.3 
2.8 
3.5 
7.0 

11.7 

.9  

.6 

. .. 

8.1 
3.2 
2.4 
7.4 
6.0 

11.6 
15.3 

N I L  
. 4  

RED [IC T I O N  
OF AREA, 
PERCENT 

4.7 

13.8 
4.7 

10.6 

10 .5  
3.2 

7.0 
6.8 
6.7 
2.4 

12.3 
11.c  

7.6 
11.3 
11.6 
7.8 

12 .2  
7.0 
6.3 
7.3 

10.1 
11 .0  
18. a 

3.2 
6 .2 

15.  G 

13.1 
5.9 

7.3 
25.2 

24. G 
15.2 

24.5 
3E. 4 

4. b 

( A )  S P E C I R Z N  F A I L E D  9 I 2 3 E . Z  D A T 4  3 B T A I K E D .  
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TABLE III. - Continued. 

(c)  Elevated temperature creep behavior. 

TEHPERATURE, STRESS,  PLASrIC  PLASTIC STRAIN  lPERCENTI AT H O U R S  
K HEGAPASCALS STEAIN 

O N  LOADING, 0.1 
PERCENT 

1 1 4 4  
1 1 4 4  
1 1 4 4  

1 1 4 4  
1144  

1 1 4 4  
1144  
1 1 4 4  
1 1 4 4  
1 1 4 4  

206.8 
206.8 NIL 

NIL - 0 5  
H I  L 

241.3 N I L  
241.3 NIL 

- 9 2  
. 0 1  

275.8  NIL 
275.8 

NIL 

310.3 
N I L  - 0 2  
N I L  

310.3 .02 
-04 

344.7 
.05 

NIL 
344.7 

-04 
N I L  .o 1 

1255  96 .5  
1 2 5 5  
1 2 5 5  

96.5 
124.1 

1255  124.1 
1 2 5 5  
1 2 5 5  

137.9 
137.9 

1255  165 .5  
1255   165 .5  
1366  34 .5  
1366  34.5 
1 3 6 6  
1366  

41.4 

1366  
41.4 
48.3 

NIL 
N I L  

NIL 
N I L  

N I L  . 0 1  
NIL 
N I L  

NIL 

NIL 
H I  L 
N I L  

NIL .o 2 
N I L  
NIL 

.02  
- 0 1  

NIL . a 1  
NIL .o 1 
N I L  . 3 2  
N I L  NIL 

1366  48 .3  
1366  58 .6  

N I L   N I L  
N I L  . 0 1  

1366  58.6 I1 L - 0 1  

5.0 

.08 

.03 
.08 
.08 
-08 
- 0 7  
.2Y 

- 2 0  
.14  

.39 

.04 

.o 1 

- 1 1  
. c 2  

- 0 5  
* 0 5  
- 1 8  

-03 
. l 8  

* 04 
-06 
.04 

. 0 7  

.09 

- 1 0  
. I 1  

10.0 

. 0 9  

.05 

.10  

. l l  

.IO 

. 2 5  
.09 

- 2 2  
. 2 8  
. 17  
.04 
. 0 1  
- 0 3  
. 1 3  

-08 
.08 

- 2 5  
- 3 0  
- 0 5  
.06 
- 0 9  
-06 
- 1 2  
- 0 9  

.15 

.18 

SHDUN 
25 .3  

-11  
. l o  
.17 
-15 
-17  

. r o  

.14 

-54 
.33 

.06 

.42 

.02  

.05 
-18 
- 1 4  

.58 

.16 

- 0 8  
. 67  

- 1 0  
- 1 4  
- 1 0  
.19 
- 1 6  
.32  
.29 

53.0 

. 15  

.17 

. 2 5  
. 2 2  

. 2 2  

. 2 3  

. 7 0  

. 7 J  

. 9 :  

. 10  
- 0 3  
. l l  
. 2 5  
. 2 5  

1.40 
- 2 5  

1.72 
- 1 2  . 16 
- 2 0  
- 1 5  
. 2 9  
. 2 5  
. 5 9  
- 5 5  

_"_ 

100.0 

- 2 0  

.4Y 
- 2 2  

.32 

.38 

1.4: 
. 37  

1.73 

2.78 - 1 5  
- 0 7  
.22 
- 3 4  
.55  
- 5 8  

"" 

"" 

"" 

.17 

.24 

.29 

- 4 5  
.22 

2.15 
- 4 2  

"" 

150.0 

.24 
- 2 9  

- 4 5  
- 5 E  

2. ti5 
- 5 3  

3.12 

"" 

"" 

"" 

. 20  
- 1 1  
- 3 2  
.45 

1.04 
1.40 
"" 

"" 

- 2 0  
.30 
- 3 5  
- 3 1  
.60 
-01 
"" 

"" 

STEADY STATE TEST FILAL 
C R E E P  RATE.  UURATIOII. STRAIN, 

S..- 1 

2.221-09 
2.78E-09 
7.81E-09 
5.56E-09 
7.64B-09 
7.U6E-09 
3.16E-08 
3.2EE-08 
5.3bE-08 
4.63E-08 
2.86E-09 
2.15E-09 
5.73E-09 
5.00E-09 
1.22B-08 

5.40E-08 
1.15E-08 

6.17E-08 
1.693-09 
2.72E-09 
2.78E-09 
3.82E-09 
8.33E-09 
9.54B-09 
2.96A-08 
2.73E-08 

HOURS P E R C Z N T  

160.5 
156.6 

. 2 5  

147.3 
.30 

162.1 
. 52  
. 49  

154.1) 
186.5 

- 60 
.71  

165.8  3.22 

136.9(A) 6.9 
47.4 ( A )  1. G 

1 6 1 . 5   . 2 1  
lbO.0 - 1 2  
158.5 
162.2 

. 3 3  

164.0  1.24 
- 4 9  

159.5 1.91 
83.5 ( A )  6.1 
51.5(A) 2.9 

166.1 . io 
165.6 
107.8 

.31 

166 .0  
.37 
-34 

167.9 
163.2  .b5 

123.6 (A) 9.0 
- 6 9  

103.0(A) 3.8 

157.2 3.132 

( A )  FAILED AT TIME S R O Y B .  

31 



TABLE IIL - Concluded. 

(d) Residual room temperature properties, 

:;~PL~J.:I;PE, S T ' F L S C ' ,  TIYL, PL?.STIC 0.C2 F E i i C T B r  c . 2  P L E C L N T  U L T I M A T E   T E S S I L r .   E L O N G A T I O N ,   & E D U C T I O N  
K . ~ I F G J . ? : S C ~ I S  H O l l h Z  C i L 1 . P  5T6AIN. Y I E L D  STPESS. YTELI! STfibSS, S T R E S S ,  

I.E9133:iT C E C A F F S C A L S   X E G A P L S C A L S   H E G A P A S C A L S  
FEYChNI" OF A R L A ,  

PBRCEYT 

AS F z C E I V E L )  
AS F t C i I V F D  

I I I 5 K Y A L L Y  iX30S.=3  

2 P 6 . b  1EC.5 
2 C c . t  1 5 b . t  
i 4 1 . 3  1 4 7 . 3  

iiC..f 155.4  
2C1.3 162. 1 

275.e: l i .6.5 

3 1 1 . ~  159.2 
3 l ? .  3 105. b 

l i 2  :i AT 1141bK 

i I l L S X l b Z L Y  3 X ? O S P D  
I L C  H s r  I Z S T K  
9 t . b  1 t l . b  
9 5 . 5  1 i c . c  

121.. 1   1 ; .  
1 2 4 . 1  lC.2.Z 

> G . 5  

1 3 7 . 5  159.5 
137.-  1fV.O 

TIIE?."IALLY L Y P O S t D  
1 5 0  H I T  1366K 
j4.5 1 6 5 . 1  

-,.L l t 7 . 0  
3S.C 1 6 3 . c  

Gl.1' lo r , . i  
L t . 3  1 6 3 . 1  
* t . j  l c 7 . 0  

,. . 

THLP'ALLY t X F O 2 f i )  
15s H A T  1L77K 

.2: 

.52 

. 3 c  

. E O  

. uc 

.7  1 
j. 2 2  
3.  92 

. 2 1  

.l: 

. 3 3  

1  .?4 
. 4 ?  

1.31 

. 2 ?  

. 3 1  

. 3 4  

.37  

. 6 5  

. 6 4  

5 6 0 . i  
535.0  707. U 

6nb.7  928.1 
7614.5 

6 6 0 . 5  
575.7 

027.4 
615.0 

E 32.3  
606.1 
649.5 
€ 3 7 . 8  
599 .8  
597.8 

k86.7 
646.1 

6 d t . 0  
679.1 

704 .6  
5e3 .3  
697.8 
€55 .7  
681.9 
c64 .0  

7G6 -0 
777.c 

755.0 
726.7 

777  .c 
751.5  
732.0 
725 .3  
717 .1  
708.1 

562.6  701.9 
585.4 

7 7 5  .O 
672.9 

593 .0  
769.5 

677 .0  
6  17.1  692.9 

724 .0  
826 .0  

591.6  677.1 
568.  1 

7 6 8 . 1  
662.6 

545.4 
711.5 

652.9  775.0 
486.8 r a) 

7.2  11.7 
3.6 6.1 

5.5 
1.2 

2.7 
2.9 
8 . 5  
3.7 
1.6 
1 .5  
1.1 
1.5 

17.8 
4.2 

9 . 3  

12.C(A) 
11.6 

11.3 
7.E 
7.0 

11.5 
6.0 

2.2  12.0 
4.5 5 . 3  
1.7  13.7 
5.2 0 .5  
4.1 
1.3 

14.5 
11.8 

4.2  7.5 
.8 4.1 

621.2  732.9  803.0 3.4 11 .8  
653.6  730.2 
555.7 

848.7 
6 6 0 . 5  

4.3  10.8 
768 .8  

559.9 
4.9  8. b 

652.2  752.2 
54e. 1 667.4  

5.1  12.0 
801.9 

546.1  636.4 
6.1  8.6 

543 .3  
7 5 5  .o 5.5 

641 .2  
5 . 3  

5 3 9 . 2  
668.8 

653.6  776.4  4.5  7.0 
1.4 7.6 

786.0  840.5  917.0  4.4 
668.8  819.1  933.6  5.0 9.3 

10.5 
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TABLE IV. - MEXHANICAL PROPERTIES OF MAR-509 

(a) Elevated  temperature tensile  properties. 

TEHPERATURE, 0.02 PERCENT 
K Y I E L D   S T R E S S ,  

UEGAPASCALS 

2 9 8  

1 1 4 4  
2 9 8  

1144 

1 3 6 6  

1 4 7 7  
1 4 7 7  

320.6 
291.7 
130.0 
l t i3.4 
114.5 
113. 1 

€2.1 
53.8 
1!2.7 
35.4 

0.2 PERCENT  ULTIHATE  TENSILL  ELONGATION,  REDUCTIO14 
Y I E L D   S T R E S S ,  
PIEGAPASCALS  HEGAPASCALS 

STRESS,   PERCENT O F  A R E A ,  
PEHCENT 

427.5 603.3  
402.0  580.5 
220.6 
206.9 

305.4 
278.5 

130.3  168.9 
146.2  175.8 

84.1  105.5 
72.4  107.6 
47.6  57.9 
40.7  49.6 

(b) Stress-rupture behavior. 

TEMl'dRATURE, STYESS, 
K 1E;APASCALS 

LIFE,   ?LONGATlOh! ,  
H O I J R S  PzRcnxr  

1 1 4 3  
1 la4 
1144 
1144 
1144 
1144 
1144 
1144 
1144 

1 1 4 4  
1144 

1255 
1 -3 r I- 

1 2 5 5  
1.255 
125s 
1 2 5 5  
1346 

1366 
1 3 t b  

1 3 6 6  
1 3 6 6  

136h 
13613 

136b 
136h 

1477 
1 4 1 1  

1477 
1 4 7 7  

1477 
1477 

L J J  

131.9 
137.8 
144.7 
155.0 
150.6 
156. G 
165. 4 
1b5.4 
172.3 
ld6.O 
206.7 
b8.9 
79.: 
t(9.6 

117.1 
130.9 
130.4 

27. G 
3 4 . 5  
11.3  
U l .  3 
44, u 
51 .7  
51.7 

62.0 
55.1 

10.3 
13-d 

24.1 
18.6 

24.1 
27.6 

> 142.1 
582.5 

70.3 
61.8 

13U. 9 
80.3 

71 .  b 
68.2 

54.1 
19.4 

6 1 2 . 3 
2.3 

228.7 
50.7 

4.7 
1.7 

950. cj 
1.1 

32h. 2 
117.5 
17<j .  3 

rl5.3 
27. J 
32.1 
21.2 

'1 .3  

76.4 
9.1 

10.8 
4 3 -  2 

0.1 
3.4 

12.0 
( A )  

1 6 . 3  

li1.9 
21.5 
28.0 
1 i. 3 
20.9 
11.1 
2 1)- s 
1q.G 
16.7 

25. b 
19.5 

24.1 
12 .1  
>. 6 
6.5 
7.4 

13.6 

16.2 
13.4 

11.1 
17.2 

1l .G 
1 4 . 8  

7 .4  

1s .a  

6.5 
7.0 

15.5 
11.1 

2.3 

21.0 
2.2 

22.4 
20.0 
22.2 
23.3 
29.4 
16.5 
14.9 

1.0 

31.6 
2.2 

30.1 
34.2 
33.9 
41.5 
42.6 

18.6 
19.2 

lii5DIJCTIOH 
UF A B E A ,  
PERCYN? 

a 

36.0 

4b. 9 
23.7 
34.9 
3 b .  2 
35.7 
36.7 
45.5 
24.5 
3 8 .  i, 
14 .6  
45.2 
24.4 
2u. 5 
37.0 
4 1 . 5  

7.G 

11.0 
6. 1 

15. 9 
5.0 

"" 

14. b 

2 9 . 3  
16.5 

46.6 
14, b 
"" 

"" 

22.3 

21.7 
32. b 

( A )  SPECIMEN D I D  NOT F A I L  D U E  T O  CONTROLLER  ZALFUNCTION. 
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TEPIPFRATURE. 
K 

1 1 4 4  

l l 4 U  
1144 

1 1 4 4  
1 1 4 4  

1 1 4 4  
1144 

1 1 4 4  
1 1 4 4  
1 2 5 5  
1 2 5 5  
1 2 5 5  
1 2 5 5  
1 2 5 5  
1 2 5 5  

-1255 
1 2 5 5  
1 2 5 5  

1 2 5 5  
1 2 5 5  

1 2 5 5 ( B )  

1 2 5 5  
1 1 5 5  

1 2 5 5  
1 2 5 5  
1 2 s 5  
1 3 6 6  
1 6 6  
1 3 6 6  
1 3 6 6  
1 3 6 6  
1 3 6 €  
1 3 6 6  
1366 

STRESS,  PLASTIC 

ON L O A D I N G .  
PERCZNT 

MEGAPASCALS STRAIN 

36 .5  
9 6 . 5  

117.2 
117.2 
117 .2  
137.9 

158.6 
137.9 

158.0 
41.4 
41.4 

4 1 . 4  
41.4 

55.2 
55.2 
5 5 . 2  
5 5 . 2  
55 .2  
6d .3  
6 8 . 3  
69 .9  
6 9 . 9  
R2.7 
8 2 . 7  
8 2 . 7  
82.7 
1 7 . 2  

24. 1 
17.2 

24.1 
31 .0  
31.0 
41.4 
41 .4  

N I L  
N I L  
N I L  
N I L  
N I L  
N I L  
N I L  
N I L  
N I L  
H I L  

N I L 
N I L  

Ni L 
N I L  

N I L  
N I L  

N I L  

N I L  
N I L  

N T L  

N I L  
N I L  

N I L  
KIL 

N I L  
ti1 L 

N I L  

h ' I L  
NIL  

X I  L 
N I L  
N I L  
N I L  
N I L  

TABLE Iv. - Continued. 

(c) Elevated temperature  creep behavior. 

PLASTIC STRAIN (PERCENT) AT HOURS 

0. 1 

N I L  
. 0 9  
N I L  
.02 

-05 
. 04 
. 0 3  
. 2 6  

N I L  
. 1 3  

N I L  

N I L  
.01  

.01  

- 0 1  
. 0 2  

.r) 1 
. ? l  
. 0 2  
. 0 4  
.3 3 

. 0 4  
. 0 1  

.34 

. 04 

.03 
N I L  
N I L  
.02 

. 0 2  

. 0 3  

N I L  
.o 1 
.24  

5.0 

.06 
- 3 1  
- 3 8  
.24 

.95 
. 3 8  

. b 8  
2.43 
1 .38  

. 0 5  

.31 

. l l  

. 0 3  

.34 

. l l  

. O b  

.06 
- 1 1  

.17  
- 2 2  
- 2 1  

- 3 8  
. l l  

.3R 

. 5 3  

. 6 6  

.31 
.01 

. 04 

-04 
. O b  

.07  
- 0 1  

1 .32  

10.0  25.0 50.0 100.0  150.0 
SHOWN 

-40 
-09 

.57  

.35 

1.30 
-55 

3.35 
.98  

1.82 

- 0 2  
. 0 7  

.15 - 0 5  

- 1 4  
.07 

.14 

.09 

. c 7  

.35 
.23 

- 2 8  

- 6 0  
.16 

. 9 5  

.74 

-81  
.02 
.01  
.04 
- 0 5  
. 0 5  
.02 
. 1 0  

2.43 

. 1 5  

.98  

.6 0 

. 5 9  

.82  
1.95 

5.27 
1.66 

3.30 

.02  

. 1 0  

.19 

.10  

.12 

.20  

.16 
- 1 8  

.31 

.09 

- 3 9  
.59  

1.22 
.27 

1.88 

1.70 
1.67 

.03 
* 32 
.06 

. O R  
.06 

.04 

7.65 
- 2 1  

. 7 4  

. 2 0  

1. 27 

1 .03  
. 7 9  

2.85 

9 .17  
2.33 

5.80 
. 1 4  
. 0 3  
- 2 5  

. 1 4  

. 1 4  

- 2 5  
- 2 3  
. 2 2  
- 1 3  
. 4 1  

. 6 0  

. 4 5  
2 .33  
3.62 

3.02 
3 .08  

.04 

. 9 3  

.08 

. 1 3  
- 0 9  

* 4 3  
.08 

. a7 

-"- 

- 2 5  .27  

1.57 1.77 
- 8 3  .88 

-98 1-10 

4.36 6.37 
1.25 1 - 4 0  

3.47 4.78 

11.51 ---- 
- 1 7  .19  

. 3 3  . 4 2  
-04 .os 

-20 - 2 4  
.20  - 2 1  

- 3 1  .3: 

"" _"_ 

- 2 5  .28  
-30 -35 

- 1 9  - 2 6  
. 5 9  .78  

1.35 1 .77  
1.23 1.72 

.74 1.10 
5.16 8.10 
6.85 12.16 
6 - 3 5  11.25 
6.07 10.16 
-06 .09 

- 1 2  .16  
-05 - 0 7  

- 1 4  - 1 7  
- 2 5  . 4 2  
.16 .26 

1.56  5.72 -"- "" 

( t i )  FAILED AT T I n E  SHOWN. 
( R )  SPECIMEN OVER TEMPEXATURE 7 TO 2 0  K BETWEEN 9 0  AND 1 4 0  HOURS. 

STEADY STATE TEST FINAL 
CREEP RATE.  DURATION, STRfiIN, 

SI*- 1 HOURS  PERCENT 

1.21E-09 
1.91E-09 

5.56E-09 
1.04E-08 

8.60E-08 
5 . 4 3 t - 0 9  

6.90E-08 

3.071-07 
3.62E-07 

1.57E-09 
7.25E-10 
4.95E-05 

2.773-09 
1 - 33E-G9 

2-83E-09 
1.63E-09 

6.04E-10 
3-68B-09 
1.OEE-08 
2.18E-08 
2.53E-08 
1.62E-08 

2.02E-07 
1.08E-07 

1.50E- 07 
1.50E-07 

1-21E-09 
1.438-09 

2.34E-09 
1.571-09 
5.56B-09 

2.26E-08 
4.34E-09 

6.06E-07 

159.4 - 2 8  

159 .3  1.80 
159.3 . e8 

158.9 1.12 
163.7 1.44 
161 .2  6 .63  
161.6 5.10 

1 3 4 . 3 ( A ) 2 1 . 5  
8 0 . 3  ( A )  14.9 

160.3  .20 
159.7 
158.2 
159.6 
159.0 

158.8 
159.0 

160 .2  
158.4 

160.1 
160.0 

159.0 

161.3 
160.3 

160.6 
161.5 
162 .2  
150 .0  
166.3 
166 .3  
150.0 
166.6 
167.5 

. c 5  

. 4 3  

- 2 4  
. 2 1  

.35 
.36  
. 2 8  

27 
- 8 2  

1.85 
1.77 
1.18 
8.87 

14 .25  

11.36 
13.  14 

.09 . o a  . l e  

. 1 7  
. 5 3  
. 3 1  

179 .3(A)13.6  
32.1  (A)11.1 
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TABLE N. - Continued. 

(d) Residual  room  temperature  properties. 

P B I O S   C R E E F   ! t I S i ' O F Y   h E S I C U . 4 L   T L S S T L E  F F O S E Z T I i S  

T E R P E R A T U S E ,   S T R E S S ,  ? I ? € ,  ? L P . S T I C  0.02 PEDSENY 0. 2 P E ? C Z l i T  UiTI.V..? ' iE T E N S I L C   E L O N G L ' i O t i ,  b t D U C T i G t i  
K S T K E S S ,   F 2 E C L t . T  OF Ai.'::. 

1144 

1 lU4 
1144 

1144 
1144 

1255 
1255 
1255 
1255 
li5j 
1255 
1255 
1255 

1366 
1366 
1366 

1366 
1366 

1366 

AS F i C E I V i D  
AS R E C E I V E D  

T H E E N A L L Y   E X P O S E D  
150 li AT 1144K 
96.5  159.U 

117.2 15Y.3 
96.5 159.5, 

137.5 161.2 
137.9 161.6 

THER?I.ALLY  EXPOSED 

41.4  160.3 
150 H AT 1255K 

41.4 153.7 
55.2 159.0 
55.2 159.0 
68.9 160.0 
68.3 160. 1 
82.7 161.9 
82.7 160.6 

T H E R 3 A L L Y   E X P O S E D  
150 H AT 1366K 
17.2 150.0 

24.1 166.3 
17.2 166.3 

31.0 165.6 
24.1 150.0 

31.0 167.5 

T H E R A A L L Y   E X P O S E D  
150 'i AT 1477K 

-28 
.38 

1 .ac 
6.83 
5.10 

.2c . n5 

.24 

.35 

.82 
1. 85 
3. R7 
14.25 

. O? 

.08 

.16 

.17 

.53 

.31 

320.6 
291.  7 

427.5 
4c2.0 

603.3 
580.5 

376.5 
368.2 
390.9 
381.3 
30b.5 
369.6 
417.d 

546.8  692.2 
53t.4  652.9 

547.4  683.3 
555.7  677.1 
544.7  660.5 
553.0  €64.0 

558.5 674.3 

319.5 
322.0 

494.4  b31.6 
U84.0 

295.1 
626.1 

333.7 
477.1  615.2 
504.7  635.7 

342.0 
331.6 

506.1 638.5 
U89.5 

328.9 
641.2 

322. 0 
4ea.2 
469.5 

E24.C 

326.1 
604.0 

468.8  541.2 
343.4 ( E l  4C0.6 

442.0 507.5 
328.9 a55.7 
407.5 ( 0 )  

( C )  
338.5 
359.9 
292.3 

( C )  

585.4 
578.5 
489.5 

G55.1  571.6 
480.5 
425.4 

585.4 
521.2 

271.0 
270.5 

I A l   F I I L E D  N E A R  R A D I U S .  
S P E C I H E N  
S P E C I N E N  

F A I L E D  BEFORE  DATA O B T A I N E D .  
F A I L E D  U t l I L E  BEING REMOVED FROM CREEP TEST. 

365.4 
393.0 

494.4 
546.1 

P L 3 C E I I T  

2.2 
2. J 1.5 

2.2 

.8 

.7 
. 4  

.A 
.5 
.6 

1 . C  

.5 1.G 
.9 

. b  
11.d 
6.d 

.e 

1.2 
1.0 .2 - 2 ( A )  .fi 
1.0 

.6 

.2 
.7 - 6  

.5 

.6  1.2 

.F  
.b 

.5 
.5  

.3 
12.3 
21.9 

1.3 
1.3 

1.2 
N I L  

1.6 N I L  

1.2 . e  
1.0 
1.0 

2.4 
.8 

3.1 
3.8  8.2 

6.1 
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TABLE N. - Concluded. 

(e)  Residual 1255 K properties. 

FKIOK C R E E P   H I S T O L Y   R E S I D U A L   T E N S I L E   P R O P E R T I E S  

T E ! I ? E B I . T U R L ,   S T B E S S ,   T I n E ,   P L 4 S T I C  0.02 PERCENT 0.2 P E R C E N T   U L T I Y A T E   T E N S I L E   E L O N G A T I O Y ,   f i E D U C T I O N  
K YEGAPASCALS HOURS C R E F ' P   S T R 4 I N .   Y I E L C   S T R E S S ,   Y I E L D   S T R E S S ,   S T R E S S ,   P E a C E N T  OF ARZA.  

PE?CZ! iT   NEGAPASCALS  MEGAPASCALS  MEGAPASCALS  PERCENT 

1255  
1 2 5 5  

1 2 5 5  
1255  

1 2 5 5 ( 8 )  

1 2 5 5  
1255  

1 2 5 5  

A S   B E C L I V E D  
A S   R E C E I V E D  

THERMALLY  EXPOSED 

41.4  15A.2 
150 H AT 1155K 

41.4  159.6 
55.2  158.6 

68.9  159.0 
55.2  158.4 

68.9 160.3 
R2.9 161.5 
82.9 162.2 

- 2 1  
.43 

. 36 

.28 
1 . 7 7  
1.18 

13.14 
1 1 . 3 €  

180.0 
163.U  208.9 

220.6 

184.8 
175.1 

210.3 
195.8 

106.5 
194.4 

208.9 
197.2 

182.7 
172.4 

222.0 
213.0 
240.6 
245.5 

233.7 
213.7 

235.8 
245.5 
233.7 
217.2 

305.4 
278.5 

311.0 
305.U 

281.3 
284.8 
291.0 
259.9 
242.7 

21.0 31.0 
22.4 38 .1  

15.9 
24.0 3 1 . d  

32.3 

14.8  26.0 

15.5 
12.3 

22.6 
22.1 

13 .6  
18.3 

19.6 

12.5 
33.  8 
22.0 

8.0 16.G 
7.4 17.9 

( A )   T E S T   I A C H I N E   Y A L P U N C T I O N ,  U T S   B O T   3 E A S U B E D .  
( 6 )  S P E C I R E N  OVER  TERFERATURE 7 10 2 0  K BETWEEN 90  AND 1 4 0  HOURS. 
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TABLE V. - MECHANICAL PROPERTIES OF MA-757 

TERPERATURE, 
K 

2 9 8  
298 

1 1 4 4  

1 2 5 5  
1 1 4 4  

1 2 5 5  
1 3 6 6  

1 4 7 7  
1 3 6 6  

1477  

2 3 8  
298 

1 1 4 4  

1 2 5 5  
1144  

1 3 6 6  
1 2 5 5  

1 4 7 7  
1 3 6 6  

1 4 7 7  

(a) Elevated temperature tensile properties. 

0.02 PERCENl 0 . 2  PERCENT  ULTIRATE  TENSILE  ELONGATION,  REDUCTION 
Y I E L D   S T R E S S ,   Y I E L D   S T R E S S ,  
HEGAPASCALS  3EGAPASCAI.S 

STRESS,   PERCENT OF AREA, 
HEGAPASCALS  PERCENT 

e90.4 
790.  1 
1 ~ 9 . 2  
177.9 
113. 1 
102.0 

?3.1 
99.3 
79.3 
31.4 

7n5.3 
759.1 
208.  2 

103.9 
206.2 

10G.Q 

106.9 
9 9 . 3  

66.9 
66.9 

LONGITUDINAL 

899.1 
895.6 
242.7 
246. S 
128.9 
130.3 
199. 8 
113.e 

84.1 
84.8 

LONG TRANSVEBSE 

820.5 
915.c  
249.6 
233.4 
122.G 
126.2 
113. 1 
114.5 
7 1.7 
(a)  

1236.2 
1252.8 

253.7 
266.8 
153.1 
153.1 
115.1 
120.7 
86.2 
85.5 

1049.4 
1052 .1  

259.2 
248.2 
134.4 
14c.o 

115.8 
113.8 

71.7 
71.0 

5.4 
6.6 

14.1 

18.2 
16.7 

21.0 

12.2 
9.0 

3.5 
1.6 

6.6 
7.0 
3.9 
4.5 
11.5 
3.7 
3.1 

2.0 
2.5 

1.6 

7.4 

16.8 
7.8 

25.8 
28.0 
33.8 
18 .o 
18.6 
4.7 
3.2 

8.6 
7.4 

10.4 
4.7 
3.5 
3.1 

1.0 
-11 ( A )  

.2 
. c  

( A )  SPhCIXEIU’ F A I L d D  AT P I D I U S .  
(B) S P E C I H E N  F A I L E D  B E F O E E  DP.TA POINT OBTAINED.  
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TABLE V. - Continued. 

(b) Stress-rupture behavior. 

T E Y P Z R A T U F S *  S T R E S S ,  
I( UEGAPASCALS 

L I F E ,  ELONGBTION,  
H O U R S  PERCENT 

1144 
1144 

1144 
1144 
1144 
IlU4 
1144 
1255 
1255 
1255 
1255 
1255 
1255 
1255 
1255 
1255 
1366 
1366 
1366 
1366 
1366 

1366 
1366 

1366 
1366 
1366 
1366 
1366 
1477 
1477 
1477 
1477 
1477 
1477 
1477 
1477 
1477 
1477 
1477 

103.4 
110.3 
117.1 
130.9 
137.8 
144. 7 
158.5 
62.0 
68.9 
75.8 
82.7 

99.6 
89.6 

96. 5 
103.4 
117. 1 
41.4 
41.4 
41.4 
48.2 
48.2 

55.1 
55.1 

62.0 

68.9 
62.0 

75.8 
82.7 
27.6 
31.0 
31.0 
34.5 
34.5 
34.5 
37.9 
37.9 
41.3 

55.1 
41. 3 

LONGITUDINAL 

3603.6 
1419.5(A) 
278.3 
160.8 

34.6 
76.1 

4522.9 ( A )  
9.2 

653.4 
285.2 
104.8 
15.4 

164.5 
34.8 
14.0 

106.1 
1.5 

134.1 
482.1 
71.5 
238.9 
87.6 
85.1 
33.1 
12.9 
12.3 
2.7 

183.3 
4.8 

200.6 
39.7 
18.1 
79.8 
131.2 
13.4 
1.4 

14.0 

2.3 
3.4 

4.0 

6.0 
5.0 

5.0 
3.8 

7.0 

2.4 
8.0 
2.9 
3.2 
5.0 
7.0 
3.0 
9.8 
0.8 
2.0 
0.8 

0.8 
1.8 

3.0 
2.3 
2.5 
1.8 
4.0 
5.0 
6.0 
2.4 
1.5 
5.8 
3.0 

1.3 
1.4 

4.0 
3.0 
1.0 
1.0 
3.0 

"" 

"" 

R E D U C T I O N  
OF AhEA. 
PERCENT 

0.8 

3.0 

6.7 
2.2 

10.7 
4.6 

18.8 
0.5 

4.8 
7.8 

10.1 
2.4 

14.0 
3.8 

N I L ( B )  
N I L  
NIL (B) 
N I L  
N I L  (E) 

N I L  
N I L  (B) 

N I L  (B) 
0.9 
2.1 
N I L  (6) 
8.0 
N I L  
N I L  
N I L  
N I L  
0.4 
NIL 
N I L  (B) 

N I L  
N I L  

N I L  
N I L  (E) 

"" 

"" 
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TABLE V. - Conmued. 

(b) Concluded. 

TEMPERATURE, 
K MEGAPAS CALS 

S T R E S S .   L I F E .  
HOURS 

1 1 4 4  
1 1 4 4  
1 1 4 4  
1 1 4 4  
1 1 4 4  
1 1 4 4  
1 1 4 4  
1 2 5 5  
1 2 5 5  
1 2 5 5  
1 2 5 5  
1 2 5 5  
1 2 5 5  
1 2 5 5  
1 3 6 6  
1 3 6 6  
1 3 6 6  
1 3 0 6  
1 3 6 6  
1 3 6 6  
1 3 6 6  
1 3 6 6  
1 3 6 6  
1 3 6 6  

1P77 
1 3 6 6  

1 4 7 7  

1 4 7 7  
1 4 7 1  

1 4 7 7  
1 4 7 7  
1 4 7 7  

55.1 
68.9 
79.3 
79.3 
82.7 
96. 5 

110.3 

37.9 
34.5 

48.2 
41.3 

5 5 . 1  
48.2 

62.0 
13.8 
20.7 
20.7 
20.7 
24.  1 
27.6 
27.6 
31.0 
34.5 

41.3 
37.9 

6.9 
3.4 

10.3 
10.3 

13.8 
13.8 
20.7 

LONG TRANSVERSE 

1773.6 
501.0 
141.4 
141.4 
110.4 

27.3 
12.8 

406.2 
157.7 
127.5 
123.0 

30.2 
21.6 
0.8 

1340.4 
163.2 
103.9 
154.0 

62.1 
35.7 
24.4 
10.4 

4.2 
2.3 

724.4 
6.1 

187.3 
13 .5  
87.4 

38.2 
29.6 

10.9 

ELONGATION. 
PERCEHT 

2.0 
2.0 
2.6 
2.6 
1.0 
N I L  
2.4 
2.0 
1.7 
N I L  
7.6 
(C)  

0.8 
1.0 

4.8 
6.7 

9.0 
2.0 

6.0 
3.6 

(C)  
3.0 
( C )  
2.5 

3.0 
(C)  

0.8 
2.0 
3 . 1  
4.0 
2.6 
2.4 

REDUCTION 

PERCENT 
OF AREA. 

0.8 
N I L  
0. e 
0.6 
N I L  
N I L  
1.0 

N I L  
N I L  

N I L  
2.0 

N I L  
N I L  

N I L  
N I L  

N I L  
N I L  

WIL 
N I L  

N I L ( B )  
N I L  

N I L  (8) 
NIL ( B )  

N I L ( B )  
N I L  (B) 

N I L  
N I L  

NIL 
N I L  

N I L  
N I L  

1.0 

( A )  UNLOADED AT T I G E  SHOYN.  
(B) F A I L E D  NEAR SHOULDER. 
(C)  COOLD NOT BE HEASURED. 
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TABLE V. - Continued. 

(c) Elevated  temperature  creep  behavior. 

L O N G I T U D I N A L  

52 .7  
92.7 
0 5 . 7  

1 3 6 0  
1306 

3G. 5 
2 7 .  c 

1365 
13lU 

3:. a 
1 3 6 5  

41.1; 
ut. L? 

1365 4 G .  c 

135G 
1360 st?.  3 

1 3 0 5   5 5 . 2  
4 3 . 3  

1 3 6 6   € 2 . 1  
1477 2:.7 
1477 2;. 1 
l Q 7 7  
1477 

27.6 

1 4 7 7  
1 1 . r  

1477 
31.0 

1477 
3 r .  5 
3 c . 5  

4 I L  
'I1 L 
IJ 1; 
s I L  
! : I  L 
v I!. 

-11 L 
NTL 
Y?L 

X I L  
N,L 

S T 1  
I1 I L  
6IL 
:J I L  
N I L  
:I1 L 
S I L  
Y I L  
H I L  
: 4 1  L 
N I L  
x I L  
91 L 
:I I L  

N I L  
N I L  

N I L  
I I L  
t: I L  
11 L 
N I L  

,. r . .. A * 

NIL .03 - 0 4  
N I L  . 0 1  . c 1  

N I L  .Oh -08 
H I L  .05 . 10 

! i IL  . 0 2  .34 
. i 3  . 1 5  - 1 9  

N I L  . O l  .?4 
- 0 1  . 1 0  . 1 8  
. c 1  . o s  . 1 2  

.34 . a 7  .1c 

. a 1  . 0 6  - 5 8  

. @ 1  . 0 6  .08 

. 0 1  .03 . G 4  

. c 1  . 1 3  . 1 9  
- 0 2  . c 7  .08 
-06 1.11 "" 

.OS . 0 7  .09 

. C B  .OF!  .os 
-03 . 0 7  - 3 9  

.03 . 0 5  . 0 5  
N I L  .O1 . J 1  
.C2 .OS .G6 

N I L  . 0 1  . 0 2  
. 0 3  . 1 2  .17  

. ? l  .@9 .14  

. i 2  . 9 c  "" 

. G 2  . O b  . @ 5  

.:2 . 0 5  . O E  

. 1 0  .16 - 1 6  

. r , l  .iJz .02  
6 I L  . 2 c  .34 
- 0 1  .Od . 1 0  
.04 . 0 6  .oa 

.05  . c 2  

. 1 3  

. 1 5  

.27  

.07  

. 5 D  

.16  

. l l  

. I 4  

. 1 2  . G7 
- 3 1  . G9 

. l l  

. l l  

. @ €  

. 0 9  

. c 5  

. G2 

- c 4  
. 3 l  

.i9 

. c 5  

. 2 0  . c 7  

. 5 8  

.G3 

.1c  
- 1 2  

. c a  

"" 

"" 

. r )3  
-06 

.21  

. 3 3  

. 1 3  

. l l  

.12  
1 . l t  

- 2 0  
.14 
. l a  
.16 
. l l  
.52  
.10 

.12  
- 1 3  
. 1 c  
.37 
.04  
.C8 
.j8 

. 5 3  

. c 7  

.22  

.1)6 

-08 
.05 

. 1 7  

.39 

"" 

"" 

"" 

.06 . 0.. 
. 1 5  
.2d  

- 4 3  
. 1 s  
.lY 

.24 
- 1 7  
. 2 9  
. 2k  

1.15 
. 1 5  

. l l  

. I 5  
.14  

- 0 7  
.12  

. Ob 

. 1 0  

"" 

"" 

"" 

"" 

"" 

- 2 4  
.07 

- 1 2  
. 1 0  

. 2 5  
"" 

"" 

. 1 0  
- 0 5  ( A )  
. 3 2  

. 5 3  

.25 

.L7 

. 2 5  

.27  

* 39 
- 2 0  

. 3 1  

.28  

. 1 3  

. 16 
- 1 6  

.08 

.14  

. l l  
- 1 1  

"" 

"" 

"" 

"" 

"" 

"" 

. 2 5  

.08 

.16 
"" 

"" 

"" 

"" 

6.dBE-10 
1.O')E-09 

2.5lE-09 

5 . 7 9 5 0 9  
3.93E-09 

3. a6E-09 
3.14E-GS 
5.14E-08 
1.87E-05 

5.5OL-09 
1.81E-09 

4.35E-OS 
4.70E-09 

9.06E-lG 
2 .  36E-08  

9.06E-10 
5.91B-07 

1.15E-C9 
5.56E-  10 

7.25E-10 
2.05E-09 
9.06E-10 

4.10E-09 
2.4eE-Gb 

2.578-08 

6. 04E-10 
7.41E-07 

1.03E-09 
1.75E-09 
2. 17E-09 

4.7 1 E-09 
1.03E-07 

1.L6E-08 

160.1 
161.1 

.05 ( A )  
.10 

159.G .33 
162.6 
159.5 

.26 

102.7 
. 5 5  
-29  

153.G . 25 
76.1 ( 8 )  3.8 

161 .3   .21  
159.5  .27 

159.5 .40 
162.5   .32  
162 .3  .30 
104.8 ( B )  2.9 
165.G f 13 

15.4 ( B )  3.2 
164.7 . 16 
166.6 . I 7  
164.9 . 15 
166.4 -08 
165.8  .13 
172.4 . 12 

85. 1 (B)  2.3 
67.5 (C) ---- 
12.9 ( B )  1 . d  

71.5 (a)  1.8 

164.7 
164.0 

.08 

163.3 
.2 6 
. 1 9  

128.2(C) .13 

131.2(8)   1 .3  
39.7 (8) 5.8 

79.8 (8) 1.4 



TABLE V. - Continued. 

(c) Concluded. 

P 

TEMPERATUBE, STRESS, PLASTIC PLASTIC STRAIN (PERCENT)  AT HOUBS STEADY  STATE  TEST FINAL 
I( HEGAPASCALS STRAIN S B O Y N  CREEP RATE. D U R A T I O N ,  STRAIN, 

O N  L O A D I N G ,  0.1 5 . 0  1C.O 25.0 50.0 100.0  150.0 s*+- 1 HOURS PZRCENT 
PERCENT 

L O N G  TRANSVERSE 

1144 
1144 
1144 
1144 
1144 

1144 
1144 

1144 
1255 
1255 
1255 
1255 
1255  
1255 
1255 
1255 
1255 
1366 
1366 
1366 
1366 
1366 
1366 
1366 
1366 

1477 
1366 

1477 
1477 
1477 
1477 
1477 

41.4 
48.3 
55.2 
55.2 
62.1 

15.8 
68.9 

79.3 
24.1 
27. E 
31.0 
34.5 
36.2 
37.9 
37.9 
41.3 
48.2 

6.9 
10.3(D) 

13.8 

20.7 
17.2 

20.7 
24.  1 
27.6 

3.5 
5.2 
6.9 
6.5 

13.8 
10.3 

13.e 

N I L  
N I L  
NIL  
N I L  
N I L  
N I L  
N I L  
N I L  
N I L  

tiIL 
N I L  

N I L  
N I L  
N I L  
ti I L  
N I L  
N I L  
N I L  

N I L  
N I L  
N I L  
N I L  
N I L  
N I L  
HI L 
N I L  
N I L  
N I L  
N I L  
N I L  
N I L  

.02 
N I L  
N I L  
.03 
N I L  

.02 

.03 

. 01  

.03 
N I L  
N I L  
N I L  
- 0 3  
.01 
1 I L  
N I L  
N I L  
.06 

. O l  

. O l  
.o 1 

.o 1 

.02 
.o 1 
.01 
.01 
.06 
.03 
.03 

. O l  

.01 

.03 

.03 

. 0 7  

. 0 2  

.08 

.16 

.06 

. 04  

.06 

. O l  

.04 

. 0 2  

.08 

. 05  

. 0 5  

.05 
- 0 3  
.08 

.04 

.06 

. 0 6  

. 06  

.06 

.08 

. 2 3  

. O l  

. l l  

.06 

. l l  

.06 

. l l  

.04 

.04 

.09 

.10 

.03 

.19 

.07 

.06 

.06 
. O l  
.05 
.03 
. l l  
.08 
-10  
.08 
.07 . G9 

.05 

.08 

.08 

.09 

.08 

.14 

.74 

.02 

.12 

.07 
I 1 5  

.2@ 

. l l  

. G5 

.05 

.12 

.12 

.05 

. 23  . G8 

. C8 .10 

. O l  

.07 

.06 

. 15  

.14 

.18 . 16 

.23 

.10 

.10 

.GB 

. l l  

.17 

.15 

. 3 3  
4.82 

.13 

.08 

.22 

.21 
- 6 3  

. e3  

. c 5  

.05 

.14 

. l U  
- 07  
.25 
.13 

.09 
-17 

.02  

.09 

.c9 

.21 

.23 

.29 

.23 

.79 

.10 

. l l  

.12 

.18 

.34 

.35 
1.03 

.06 

.15 

.09 

.29 

. 4 1  

_"_ 

-"- 

.06 

.06 

.17 

.16 

. l l  

.30 
- 2 3  
.38 

.03 

.10 

.13 

.17 

.44 

.32 

.44 

.37 
3.80 

. l l  

.17 

.16 - 32 
1.10 
1.08 
"" 

"" 

. l l  
-16 
. l l  
.38 
"" 

"" 

.07 

.09 

.20 

.19 

.15 

.36 

.38 

. l l  
* 04 
.17 
* 24 

1.02 
.43 

.66 

.73 

.12 

.23 

.20 

.47 

6.05 

"" 

-"- 

"" 

"" 

"" 

.16 

.17 

.12 

. 4 4 .  
"" 

"" 

( A )  EXTRAPOLATED VALUE, C R E E P  IiECORDER IlALFUNCTION AT APPBUXINATELY 130 HOURS. 
(B) SPECIMEN FAILED AT T I i l E  SHOYN. 
(C) PULL ROD FAILED AT T I H E  SROYN. 
( D )  DEFECTIVE EXTLNSONETER: NO V A L I D  CREEP DATA.  

5.80E-10 
1.09E-09 
1.75E-09 
1.451-09 
2.17E-09 
2.953-  c9 
4.59E-OY 
6.343-09 

7.25E-10 
9.309-  10 

2.l lE-09 
3.86E-09 
6.223-09 
8.943-09 
7.81E-09 
7.253-09 
1.992-08 
5.43E-10 

3.443-09 
3.263-09 
6.21E-09 
1.333-08 

3.22E-08 
1.633-08 

8.233-08 
2.90E-09 
9.66E-10 
1.03E-09 
3.14E-C9 
2. OZE- 08 
5.63E-08 

160.6  .07 
161.9 .10 
164.2  .21 
160.8  .19 
162.0 . 16 
161.8  .37 
159.9 .44 
1U1.4(B)  2.6 
164.2 
160.2 

. l l  

.05 
1€0.6 
160.3 

.18 

172.0 
.25 

157.7(8) 1.7 
.48 

162.6  .75 
161.2 .86 
123.0(B)  7.6 
162.3 
163.8 

. 12 

167.2 .25 
151.1 .20 
150.5 .47 
154.0 (8) 9.0 
163.2(B) 6.7 
62.1 ( B )  3.6 
35.7 (B) 6.0 

164.3 .18 
163.3 . 17 
162.7 .13 
154.2 .44 

87.4 (B) 3.1 
38.2(B) 2.6 



TABLE V. - Continued. 

(d) Residual rwm temperature  properties. 

i Y I C . 4  L i l E S P  Y I j T O R Y  R E S I D U A L   T B B S I L E   P R O P E R T I E S  

! 5 1 G 7 ' L T U F Z ,  S'.';LSS, T I ' I E ,  FL>SiIC 
K ' ;GnPA!jCALS HOLIES C i E L P   C T a A I Y ,  YIELD S T E S S S ,   Y I E L D  STPESS, 

0.C2 PEBCYl iT  0.2 P E S C E N T   U L T I H A T E   T E N S I L E   E L O N G A T I O N ,   R L D U C P I d N  

P L F C E N T   I l B G A P A S C X L S   ! l E G A P A S C A L S   H h G A P A S C A L S  
S T R E S S ,   P E R C E N T  OF A R E A ,  

P E L C E N T  

L O N G I T U D I N A L  

1477  

3Y.7 
5 J t . S  

113.3 
1?3.1 

112.3 
l l i . 2  
124.1 
131.C 
u 3 . 3  
55.2 
0 2 . 3  
6 2 . 1  
55.4 

37.7 
75 .F  

27 . t  
3 4 . :  
3 7 .  I- 
% l . L  
iru . c  
4 4 .  t 
21.7 
2.. 1 
2:;. 1 

1:1.1 
I f  9 .1  
1': 7 . 3  

l c 2 . t  
1I  1:.5 

1 5 4 . 9  
1'2.7 
l 3 i . C  
15  3 . 5  
1 5 1 . 3  

u s 2 2 . 9  
l j y . 5  
1 6 2 . 5  
lIrL.3 
1.;:.c 
lIrU.7 

134.Y 
l 6 i . b  

? 5 5 . 6  
l i L . 4  

172.4 
164 .7  

133.C 
15:,.0 

.1n . c5 

.33  

.26  

. 5 5  

.24 

-2 '  
. 25  

- 2 1  

. 3 2  

.eo 

.37 

. 13  

. 1 E  

.17 

. 1 5  

. 1 3  
.OF.  

. 12  . GP 

.2f 

. l ?  

"" 

"" 

732.9 
773.6 
766. c 
744.5 
514.4 
752.2 
735.8 
758. u 
758.4 
752.2 
e55 .0  
779.1 
764.6 

:,21.S 
768.9 

702 .5  
b62.6 
738.4 
706.7 
720.: 
f 9 4 . J  
517.1 
G41.2 
b 9 i . i  

757 .0  

8 2 0 . 5  
830.9 

809.4 

817.7 
(3) 

8 0 5 . 3  
elU.7 
852 .3  
876 .2  
9 3 5 . 0  
8 5 f   . 3  
850 .1  
95c .3  
755 .7  

7 t t  .O 
812.2 

9 16.1 
8C2.6 

7Gb. 3 
7YC.  3 

701.9 
752.5 

766.7 

1244 .5  
1 1 9 i . d  
1110.1 
1156.3 

718.4 

1127 .3  
1104.5 

997.0 
1259.0 
1279.0 
1170.7 
12b1.1 

1094.9 
1149.4 

1251.4 
1 1  30.7 

1220 .4  
9Y0.K 

1075.6 
1259.0 

1012.e  
1225.5 

1212.1 
894 .3  

10.5  12.0 
7.3 5. i ( A )  
5.8 
E .  2 

4. 1 ( A )  
4. 8 ( A )  

0.9 0. 2 
5.5 
5.6 

4.7 ( h )  

2. b 
6.  3 

8 .5   11.  3 
3.5 

8. b 
5 .1  

7 . 8  
5. 3 ( A )  

e.6 
5 . 3  

6. 5 ( A )  

4.3 
4.4 ( A )  
3. 5 (.A) 

4.9 3. b (A) 
10.1 

6.4 
3.4 

12.4 

9.7 
0 .  1 

12.0 
4 . 4  6. 0 

1 1 . 5  
3.2 

12.5 
5.0 

5 .5  
1.5 0. t ( A )  

6. 7 ( A )  

!3 .  1 
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P R I O R   C R E E P   H I S T O R Y  

T E R P E R A T U R E ,   S T g E S S ,   T I U E ,   P L A S T I C  

P E R C E N T  
K U E G I P A S C A L S  HOURS C R E E P   S T R A I N ,  

1 1 4 4  41.4  160.6 
1 1 4 4  

.07 

1 1 4 4  
48 .3  161.S 
55.2  164.2 

- 1 6  
. 2 1  

1 1 c 4  
1 1 4 4  

1 1 4 6  
1 1 c 4  
1 2 5 5  
1255 
1 2 5 5  

1 2 5 5  
1 2 5 5  

1 2 5 5  

1 3 6 6  
1 3 6 6  

1 3 6 6  
1 3 6 6  

1 4 7 i  
1477 

1 4 7 7  
1  U77 

62.1 
95.2 

68.9 
75.8 
24.1 
27.6 
31.0 

35.9 
34.:  

41.3 

13.8 
f . 9  

13.8 
17.2 

5.2 
3 . 5  

6.9 
6.9 

160.8 
162.0 
161.8 
159.9 
158.2 
150.2 
160.6  
160.3 
162.6 
161.2 
152.3 
167.2  
151.1 
150.5 
160.3 
163.3 
162.7 
154.2 

.19 

. 1 E  

.44 

.37 

.ll 

.19 

.05 

.25 
- 7 5  
.86 
.12 
.25  
- 2 0  
.47  

.17  

.13 

. 4 4  

. l a  

TABLE V. - Concluded. 

(d) Concluded. 

R E S I D U A L   T E N S I L E   P R O P E R T I E S  

0.02 PERCENT 0.2 P E R C E N T   U L T I R A T E   T E N S I L E   E L O N G h T I O N ,   R E D U C I I O N  
Y I E L D   S T R E S S ,   Y I E L D   S T B E S S ,   S T R E S S ,   P E R C E N T  OF k E E A ,  
M E G A P A S C A L S   n E G A P A S C A L S   U E C A P A S C A L S   P b R C E Y T  

L O 6 C   T R A N S V E R S E  

704.0 
682.6 

750.8 
741.9 

687.4  751.5 
6'17. 1 
708.1 

752.2 
775.0 

700.5 
( C  1 

(B) 

685.3 
555). 0 

732.3 
7111.9 

616.4  R02.6 
674.3  728.1 

"" 

( C )  
( C )  

614.3 
660.5  742.6 
t76 .4  
522.6 

751.5 
743.4 

626.7  d98.4 

627.4 
622.6  711.5 

7 1 2 . 2  
628.1 7Gti. 1 

734.a 

1003.2 

1046.6 
805.3 

781.9 
712.9 

1003.9 
373.0 

1012.2 
970.1 
767.4 

233.0 
153.1 

l0lrE.O 
1052.d 
802.6 
999.1 

1021.8 
943.5 
983.2 

a73.6 

8118.7 

7.6 
3 . 3  

9.4 
1.4 

1.3 
. 6  

1.3 
7 .0  

5.1 
8.5 

2.3 
0.2 
G.8 

9.0 
2.0 

M.8 

10.0 
2.1 

10.5 
ti. 3 
8.9 

11.6 
1.3 ( A )  
1. 5 

10. I3 
2 . 5 ( 4 )  
2. 1 ( h )  - 1 ( A )  

12. 3 
11.6 

1. 3 ( A )  
2. U ( A )  
111 L 
N I L  ( 4 )  
3.8 
7.0 
9.7 
1. c 
8.6 

1 0 . 3  
14. 0 
11.5 

( A )  S P E C I M E N   F A I L E D  E Z F R  R A D I U S .  
(a )  P A L L E D   B E P O h E  0.2 PEFCZVT Y I E L D  STRESS F E A C H E D .  
( C )   F A I L E D  B E F O R E  0.C2 P E E C E N T  Y I E L D  STFESS R E A C H E D .  
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TABLE VI. - MECHANICAL PROPERTIES OF MA-956 

(a)  Elevated  temperature  tensile  properties. 

TEMPERATURE, 0.02 PERCENT 0.2 PERCENT  IILTIHATE  TENSILE  ELONGATION,  REDUCTION 
K YIELD  STRESS,   YIELD  STRESS.   STRESS,   PERCENT OF AREA. 

UEGXPASCALS  AEGAPASCALS  UEGAPASCALS  PE RCENT 

LONGITUDINAL 

2 9 8  
2 9 8  

1 1 4 4  . 
114U 
1 2 5 5  
1 2 5 5  
1 3 6 6  
1 3 6 6  
1 4 7 7  
1 4 7 7  

2 9 8  
1 1 4 4  

1 2 5 5  
1 1 4 4  

1 3 6 6  
1 2 5 5  

1 3 6 6  

557.1 
553.7 

82.0 

82.7 
93.6 

77.2 
83.4 

66.9 
66.2 
6tj. 2 

586.7  689.5 
591.6 

57.9 
104.e 

89.6 
85.5 
80.0 
73.1 
69.6 
68.3 

601.2 
102.0 
106.9 
91.0 
87.6 

77.2 
81.4 

68.9 
69.6 

LONG TRANSVERSE 

b52.9  669.5 
48.3 53. 1 
88.3  110.3 
51.7  51.7 
85.5 (A 1 
40.7 ( A )  
57.9 0 )  

670.9 
5 3 . 1  

112.4 
51.7 
91.0 

60.0 
42.1 

( A )  SPECIMEN  FAILZD  BEFORE 0 . 2  PERCENT  YIELD STRESS OBTAINED.  

12.1 

13.7 
0.9 

10.6 
4.7 
5.8 
4.3 
2.4 
1.6 
1.5 

0.7 
1.8 
5.7 

0.4 
0.6 

1.8 
1.2 

20.4 
1.2 

53.7 

40.3 
44.0 

33.2 '  
17.2 

9.4 
2.8 
4.0 

0.2 
1.2 
8.2 
NIL 
0.2 
0.2 
0.6 
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TABLE VI. - Continued. 

(b) Stress-rupture behavior. 

1 ~ 5 5  
1255 
1255 
1255 
1 3 6 t  

1366 
1360 

1366 
136, 
1366 
1366 

1366 
1366 

1477 
1477 

1477 
1477 

1U77 
1477 

l b 7 7  

Ed.'? 

75.  a 
75 .3  

32.7 
52.7 
36 .2  
8 6 . 2  
a 3 . c  
8 ? .  0 

75.R 
93.1 

77.6 
77 .6  

7 s .  3 
77.9 

79.3 
79 .3  
61 - 9  
d l . O  
81 .o 
62.7  
b2 .- 
65.4 
70.7 
72.4 
72.0 
74.1 

75 .8  
77.6 
79 .2  
58.6 
62.1 
62.1 
63.0 
63.0 
65.5 
67.2 

75 .8  

LONGITUDINAL 

1005.4 ( A )  
.111.4 
3q3.1 

2urj.3 
157.6 

' L O €  1.5 ( A )  
7 5 . 1  

9 . 5  
6. e 
5.6 

1CGS. 4 ( A )  
.01 

23.7 
. 5  

8 . 1  
3 . 4  

24.2  
. 7  

3.5 
119.7 

5 .7  
1.6 

75.3 
1 . 3  

1 1 . 4  
443.1 

.9 

. 3  

.5 

. 3  
- 0 2  

2 d .  8 
1.5 

144.8 
23 .0  

13. .1 
2 . 1  

. 2  

"" 

6.r  
3 .7  
6.C 
4.7 
"" 

6 . 2  
7. u 
4.7 
7.1 

2 0 . 3  
7.4 
5.5 
9 .3  
5.5 
4. 4 

10.7 ti. 5 
5.5 

6.5 
3.2 
6.3 

"" 

5. b 

"" 

6.0 

5.6 
5 . 6  

8.7 
3.5 

8.3 
3.9 
5.4 
4.4 
5.4 
3.6 
4.5 
5.2 

f iEDUCTION 
OF ASEA, 
P E B C Z N T  

"" 

(B) 
(B) 
(B) 
(e 1 

32.1 
3 b .  9 
2b. 6 
17.9 

"" 

>97.  
"" 

( B  1 
35.5 
50.5 
41.6 
10 .2  
45.4 
32.0 

30.1, 
3 3 . 0  

16.4 
( B )  

19.0 

36.1 
( R )  

31.0 
55.0 
26 .8  
42. 1 
30.0 
32.2 

4 0 . 3  
(B) 

25.5  

30 .1  
31.8 

47.5 

( A )  S P E C I M E I  UNLDADED A T  T I N E  SHOYN. 
(El) PRACTL'fiE NEAR R A D I U S :  i i A  COIILC NOT BE BEASIIRED. 
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TABLE VI. - Continued. 

(c) Elevated  temperature  creep behavior. 

TEMPERATUBE, STRESS, P L A S T I C   P L I S T I C   S T R A I N   ( P E P . C E s T )  A 1  HOUhS 
K RECAPASCALS  STRAIN SIIOYN 

1144 
1149 
1 1 4 4  
1144 
1144 
1 144 
114u 
1144 
1144 
1 1 4 1  
1 2 5 5  
1255  

1255  
1255  

1255  
1255  
1255  
1 2 5 5  
1255  
1366  
1366  
1366 
1366 
1366 

1366 
1366 

14  77 
1477  
1 U77 
1 4 7 7  
1477  
1477  
1477 

1 4 7 7  
1477  

1Q77  

75.8 
79.3 
81.0 
82.7 
82.7 

86.2 
a4.5 

8 3 . 6  
86.2 

93.1 
70.7 
74. 1 
77.6 

79.3 
77. G 

81.0 
79.3 

8 1.9 
82 .7  
68.9 
70.7 
74.1 
1 4 .  1 
75.8 
75.8 

55.1 
77.6 

58.6 
62 .1  
62. 1 
62.1 
63.8 
63.8 
h5.5 
65-  5 
67.2 

ON LOADING, 0. 1 
PERCENT 

N I L  

- 0 1 3  
N I L  

N I L  
N I L  

.009 
N I L  

-04 
-03 
. d 8  

N I L  
N I L  

-04 
N I L  

- 0 3 5  

- 0 2 5  
- 0 9  

- 0 6  
- 0 5  

N I L  
N I L  

- 0 3 5  
N I L  

- 0 6  
N I L  

- 0 4  
h I L  
N I L  
N I L  

N I L  
tiIL 

N I L  
N I L  
N I L  

N I L  
- 0 4  

- 0 1  
N I L  

-02 

N I L  
N I L  

.o 1 - 02  
- 0 4  
- 0 9  
- 1 3  
N I L  

- 0 2  
N I L  

- 0 5  
. o u  

-10  
.05 
.08 

N I L  
.08 

- 0 1  
N I L  
. 13  
N I L  
- 1 2  

N I L  
- 2 2  

N I L  . 0 4  
N I L  
N I L  
- 0 1  
- 0 2  

01 
- 0 5  
- 1 5  

5.0  10.3 2 5 . 6  50.U 106.0  150.9 

LONGITUDINAL 

- 0 1   - 0 1   - 0 1  .Ol -03 
N I L  N I L  N I L  N1L .O1 

- 0 4  -05  -06 .07 - 0 8  

- 0 2  - 0 3  - 0 5  - 6 5  .Ob 
N I L  - 0 1  . 01  - 0 2  . O L  

-03 - 0 4  .OU - 0 5  - 0 5  
- 0 9  - 1 2  - 1 5  . I d  - 2 1  
-05 - 0 7  - 1 1  - 1 9  ---- 
-90 "" ""  "" "" 
- 7 0  
N I L  

. 07  

. 0 1  

- 0 5  

- 1 3  
- 2 0  

- 3 5  
- 2 5  

iy I L  
- 0 5  
N I L  

- 0 1  

"" 

"" 

"" 

"" 

N I L  
- 0 3  

N I L  
-03 
- 0 2  

"" 

"" 

"" 

N I L  
- 0 2  
- 0 8  
-08 

- 22 

- 3 0  

N I L  
-06 
N I L  

- 02  

"" 

"" 

"" 

"" 

"" 

"" 

- 0 1  
.04 

- 0 1  
-05  
- 0 2  

"" 

"" 

"" 

N I L  

- 0 9  
.04 

- 1 1  
"" 

"" 

"" 

"" 

* 37 

N I L  

N I L  
. O d  
. o u  
"" 

"" 

"" 

- 0 1  
.07 

- 0 1  

02  

"" 

"" 

"" 

"" 

- 0  1 

- 1 0  
.Ob 

"" 

"" 

"" 

"" 

"" 

- 43 
I 1  L 
. 10  
l i I L  

.05 
"" 

"" 

"" - 0 2  
"" 

"" 

"" 

- 0 2  

-03 
"" 

"" 

- 0 1  
- 0 7  
- 1 1  
"" 

"" 

"" 

"" 

"" 

. 5 3  

N I L  

N I L  

- 0 6  

"" 

"" 

"" 

"" 

- 0 4  
"" 

"" 

"" 

-011 

. 0 3  
"" 

"" 

. J 1  

- 0 9  

- 0 7  
. 3 3  

-06 
- 2 4  
"" 

"" 

"" 

.01 
- 0 8  
- 1 5  
"" 

"" 

"" 

"" 

"" 

"" 

N I L  

N1L 

- 1 0  

"" 

"" 

"" 

"" 

. O Y  
"" 

"" 

- 0 6  
"" 

"" 

"" 

3. J L E -  I O  
4.lLE-10 
7.55L-15 
5.43E-13 
5.44L-lC 
3. 93E-10 
1.21E-GY 
b. 76E-CY 

2.711 E-07 
l.HlE-C7 

1. L o t -  10 
1.51E-10 

5 .  74r-09 
1.27t-09 

3.4Y L-C8 
5.39E-0') 
2.d7E-CY 
u.bll-CiY 

h L  L 
1.25t-C7 

.<l L 
1.21z-05 

: I .  6 J E - F t  ( C )  
l . O O E - O Y  
1.7Jt-Gb ( C )  
5 . 3 3 E - G b  ( C )  
Y. 25E- lC 
5.5bL-09 
1. 10h-06(C) 
1. OgE-i iY 
1.09t-CH 
4. 53E- 10 
5.56E-C7 
8.33E-09 
L . O Z E - G U  
4.2JB- 06 ( C )  

1bG. b 
12"5(A) "" 

.02 

l b l . 4  
lb3 .  1 

. li) 
15G.v . J 7  

.03 

1 b l . J  . Jo  
101-7  .:u 

6.8(B)  4.7 
5 . 6 ( 0 )  7.1 

7 5 . 1 ( 3 )  L.2. 

1 b o .  J 
1 bd. 4 

.o 1 

159. t> . I S  
.o I: 

2Y. 7(3) 5.'J 
3.4(b) 5 . Y  

24.218) 4.4 

11Y.7(B) 5 . 3  

15J .  1 
5.7(?) >.tJ 

h I  L 
75. j ( a )  t . 1  

163.5 U1L 

3 . 5 ( C )  b.5 

. V ( J )  5.6 

.j(B) 3.5 
lbd .  2 . I S  

.3(ii) 0.7 
16 2. t . l i  
2d.!3(Y) 3 . y  

lb5.6 - 0 1  
l . 5 ( 3 )  5.4 

1 3 . 3 ( 3 )  r1.4 
lUJ.tJ(F)  5.4 

Z.I (L?)  3 . 6  
13. 1 ( R )  4.5 
14.b(A) ---- 

. 2 ( E )  5.2 



TABLE VI. - Continued. 

(c )  Concluded. 

TEHPERATIIRE,  STRESS, PLPlSTIC 
K R E C A P A S C A L S   S T R A I N  

P L A S T l C   S T R A i N   ( P t R C I N T )  AT HOIIBS S T L A i l Y   S l A T E  TESZ F I N A L  
SHOWN 

ON LOADINt i ,  0.1 5.0  10.0 25.0 50.9 1OO.d 150.2 
CLlEEP  BATE,  D'JPAPICY, S T G A I Y ,  

s**- 1 HOll I iS   2Yi tCLNT 
PERCENT 

1 1 4 4  
1 1 u 9  
1144  
1144  
1255  
1255  
1 2 5 5  
1255 
1 3 6 6  

1366  
1366  

1 3 6 6  

1 3 6 6  
1366  

1366  
1 3 6 6  
1 3 6 6  

LONG  TRANSVERSE 

72.11 

7Y.3 
75. B 

82.7 
05.5 

72. 4 
68.9 

75.8 
1 0 . 3  
13.8 

N I L  
N I L  

- 0 2  - 0 4  -05 .Ob .07 .iJ9 - 1 0  
N I L  - 0 1  -01  - 0 2  -03 . 0 6  - 0 9  

9. ObE- 10 
1.636-09 

15.5 
17.2 

N I L   ( P I  
N I L  

17.2 
N I L  - 0 1  - 0 1  - 0 2  .ou .08 - 1 2  2.1'IE-CY 

N I L   N I L  

2u.  1 
18.9 N I L  - 0 1  

27.6 
N I L  - 0 1  
N I L  

3 1 . 0  
N I L  

TEST I N T E i i a U P T E D  DUE TO T E S T I R G   H A C H I N E   F A I L U R E .  
F A I L E D  AT T I R E  SHOWN. 
NO C R E E P  C U R V E  A V A I L A B L E :   C R E E P   R A T E   E S T I M A T E D  PHOH S T R A I N S  ON LOADING A N D  0 - 1  HOUR. 
F A I L E D  ON LOADING.  

~~~- ~ ~~ 

M U L T I P L E   F R A C T U R E .  
ALL C R E E P   R E A D I N G S   U E R E   N E G A T I V E .  
S P E C I U E N   F A I L E D   Q H I L E  B E I N G  STEP LOADED. 

F O L ( D )  l . Y  
.Y(U) 1.6 

POL 2.3 
- 1  ( B j  1.9 

POL 
FOL 4.2 

F O L  1.0 
. 7  

P U L  (E J 
163.4 - 1 1  
199.4 -0'1 

163.6 - 1 3  
118.1(8) (E) 

l.O(b) 1.8 
1.7(8) -5 
2.Y ( 0 )  1.5 

.7 (8 )  1.7 
(G) 1 . n  
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TABLE VI. - Concluded. 

(d) Residual room temperature  properties. 

LONGITUDINAL 

l l U 4  
1144 
1144 
1 1 4 4  
1144 
1 1 4 4  

1144  
1144 

1255  
1 2 5 5  
125.5 
1255  
1 3 t 6  
1366  
1477 
1477  

68.9 

81 .@ 75.8 

82   -7  

84.5 
82.7 

86.2 
86.1 
70.7 
74.1 
75.8 
77.6 
74 .1  
75.8 
6.2.1 
65.5 

1005.4 (P.) "" 

1 6 0 . t   . 0 2  
161.4 
163 .1  

. IO 

.03 

161.0 
190.4  .07 

. 3 t  
161.7  .2b 

? 0 € 1 . 5 ( A )  - - - -  
160.0 
160.4 

. 01  . o e  
1Cn5.4 ( A )  ---- 

l b3 .5  
15Y.R . 1 5  

169.2 
N I L  

155. b 
. 1 Q  
.07 

14.8 (C) . 1 8  

1366 
1 3 6 6  
1356  

10.3 163.4 
13.6 149.4 

.. 11 
.37 

17.2   163 .6   -13  

5 Q F ,  4 

58G.7 
5b1.9 

5EC. 1 
59fl. 5 

59C. 2 
577.8 

581.2 
b20.5 

564.7 
59 2.3 

6C8.8 
593.5 
590.2 
( D )  

598.5 

LONG 

597. e 
579.9 

604.0 
5Hb.d 

619.2 
537.1 
590.2 
504.0 
588. 1 
6 J 2 . 3  

598.d 
595.0 

631.2 
639.1 
393.9 

T 3 A N S V E F S E  

6F4.G 
t 8 2 . 6  
672.4 
bY7.6 
712.2 
c7Y .€I 
653.6 
659.8 
692.2 

635.0 
650.9 

713 . t  
b41.5 
659.7 

71a.u 

6e8.1 

652.2  657.6 
467.5 

62a .  1 641.2 

14.G 
1 3 . 0  

Ir6. :: 
30.ti 

11.7 
l S . t  3 9 . 3  

10.4 
43.4 

15.5 43. ir 
6.5 b .  0 (3) 

15.c  
6 .5  

42.6 
3. 3 (9)  

11.b 4G.7 
13.5 

2.1 
41.5 

9.9 a7.3 
11.3 43.8 
12.5 41.3 
11.8 42.6 

27.e 

1.4 (e) 

12.5  32.d 
1.0 ir) 
2.3 (P)  

. 3  
3.6 

( A )  S T R E S S   R U P T U R E  S P E C I n E N  I I L L O I D E D  AT T I Y E  SH3YH; N O  f l E A S U R E A a L E   D E F O R Y A T I O N .  
( 8 )  CLEAVAGE EAILURE. 
( S )  T E S T   F I X T U R E   F A I L E L !  AT i I n E  SHOUN.  
( D )  THREADED G R I P  E N D  DESTEDYED;  SPECINI5W TESTED A T   L E Y I S   b E S E A R C H   C E N T E R  ; Y I E L D   S T S E N G T H S   C O U L D  NOT a E  D E T E B f l I N E D .  
( E )  F A I L E D  B E F O R E  0.02 PERCENT STRESS REACHED. 
( F j   F A I L E D   I N   S H O U L D i P ,  



TABLE VII. - MECHANICAL PROPERTIES OF STCA ALLOYS 

(a) Tensile properties. 

2 . 3 2  T7?cL!” : . 2  F S : C L Y i  U i T I I A T ? .   T E S S I L ? .  E i ,OI;GhTIOL,   HZDUCTIOl i  
? ILL: .  ST?:?:, Y I E L i  9 i T E 9 5 ,  S T f S S S ,  ?E>.CE’NT 
,+E’;$k:*>c;.Ls I E G A P X S C I L S  Y E J A P A S C A L S  

OP A R E A ,  
PERCENT 

2 6 2 / 2 d 4 S  
2 6 5 5  €15.0 

777.0 

2 6 6 5  
2bbSC t.43. s 

2b6SC 
7 d 0 . 9  
63G. 3 

2 b i / i 6 4 S  79.3 

2bSSC 
2 E > S  75.5 

75. u 
2 5 0 5  b 5 .  i 

L O N G I T U D I N A L .  

523. i 1 2 8 0 . 4  
954.C 
9 5 P . b  

l 2 b l .  1 
1 2 5 2 . 1  

940.7 1 3 1 6 . 9  

L O N G  TRAISVZZSE 

971.5 
dd6. i  

1 lO0.U 
1 0 9 6 . 3  

041 .1  1 0 5 0 . 8  
8 8 1 . 2  
9 2 7 . r :   1 0 8 1 . 1  

1 1 0 9 . s  

1366K 

M N G I T U D I N A L  

37. ? 1 0 5 . 5  
?7.5 
95. H 

1 0 5 . 1  
1 c 2 . 0  

1GC.C 104.0 

LONG TKANSVZFSE 

2 6 2 / 2 6 b S  6il.d 
2 6 5 5  

35.8 
9 2 . 7  

2b5SC 6 3 . 8  
9 5 . 1  

, 9 7 . 2  
2EES 
2 6 b s C  

8 1 . 4  10 1 . 4  
i 8 . 6  95 .1  

(P.) s e x m E N  P A I L E D  A T  R A D I U S .  

5.0 
4.7 
4.5 

E . 6  
3 . 9  ( A )  

5.4 5 . 5  

4.3 ( X )  

4.7 
5.7 

4.0 
4.8 
4.0 

7.4 
2 . u  (A) 

4 . 3  
9 . 3  
6 . 6  

9.0 
14.1 
9.7 
6.9 

1 9 . 3  
19.8 
1b.a 
1 5 . 0  

4 7 . 2  
- 9 5 . 8  

101.4 
9 1 . 9  

95 .8  

2.1 1.3 

5.4 
1.0 .6 

1.2 
1.2 

- 6  
1 . 1  .4 
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TABLE VU. - Cmtfll-d. 

@) Creep behavior at 1366 K. 

STRESS, P L A S T I C   P L A s r r c  S T R A I N  ( P E R C E N T )  A T  HOUBS S T E A D Y  STATE TEST F I N A L  R E D U C l I O N  
H E G A P A S C A L S   S T R A I N  SHOWN CREEP R I T E ,  DURATION,  STBAIN, OF AREA, 

Oh L O A D I N S ,  0.1  5.0  10.0  25.0  50.0 100.0 150.0 S**-l HOURS PERCENT P E R C E U T  

65.5  

72.4 
68.9 

75.8 
79 .3  
82.7 

65 .5  

70.7 
67.2 

72.4 
74 .1  
75.8 
7 9 . 3  
82.7 

b 3 . 8  

b5.5 
€ 5 . 5  

67.2 

70.7 
6u.9 

72.4 
75.8 
7'9.3 
P2.7 

PEBCEGT 

N I L  
N I L  

N I L  
N I L  

N I L  
N I L  

N I L  
N I L  

N I L  
N I L  

N I L  
N I L  
N I L  
N I L  

N I L  
N I L  
N I L  
N I L  
N I L  

' i l l  
N I L  

N I L  

Y I L  
.@i 

LONGITUDINAL 

HEAT 262/264S 

N I L  . 0 1  . 0 1  . 0 2  - 0 2  -03 .OU 
.02 .C6 .07 .08 . 0 9  - 1 0  . l l  
- 0 4  . 1 3  - 1 9  . 3 @  -411 "" "" 

0 8  - 4  5 8 5  "" "" "" "" 
. 0 2  -11 . 16 . 2 9  - 5 2  ---- ---- 
- 1 2  "" "" "" "" "" "" 

HEAT 2655 

- 0 2  .G3 -04 . 0 5  

- 0 3  - 0 7  .09  . 1 5  
- 0 2  - 0 3  - 0 4  .05 

. 0 1  .04 .05 .06 

.G2 - 0 9  - 1 3  .24  
- 0 1  .04  .06 - 1 0  
. 0 3  .41 .68 ---- 

"" "" "" 

.04 

. @ 8  

. n 1  
. 0 1  

.o 1 
.04  

N I L  
.02 
. l l  
.O? 

. 1 5  . 2 0  

.1; . l U  

. 0 1  .01  

.oi . 9 2  
.Cb . 1 3  
. 0 6  . O A  
-06 . 1 0  
.2F . $ 3  

1 . 5 5  ---- . 8 7  "" 

- 0 7  - 1 0  .12  
.07 .10 .15 
. 2 2  "" "" 
.08 . l l  . 1 3  
- 4 1  --" "" 

- 1 6  .30 . 5 1  
"" "" "" 

"" "" "" 

HEAT 265SC 

. 2 6  - 3 6  .46 

. 1 7  - 1 8  - 2 0  

. 0 2  .03 .05 
-03 .04 .06  

- 1 2  - 1 6  - 2 1  
. 1 4  .18  . 2 2  

- 9 0  "" "" 
- 2 1  - 3 7  -64 

"" ""  "" 

"" "" "" 

. 5 3  

.07 
* 22 

.OR 

. 2 8  

.31  
"" 

"" 

"" 

"" 

4.91E-10 
b.00E-10 
1.50E-08 
2.66E-08 

7.20E-07 
1.90E-07 

1.393-09 
1.57E-09 
5.86E-09 
1.81E-09 

6.UOE-03 
1.B6E-08 

4.10E-06 
l.$OE-07 

3.44E-09 
1.OJE-09 
1.21E-09 
1.27E-09 
2.78E-09 
1.93E-09 
1.45E-08 
8.06E-OB 
4.30E-07 
6.00E-07 

163.5 .04  
163.5 . l l  "- - 
111.9(AJ 8.6 

62.2(A) 1.4  11.0 

2 Y . 3 ( A )  9.3 
12. 8 
10. 6 

U . 8 ( A )  5.8 IS.  2 

"" 

168. 1 . 1u 
161.0 .17 
87.3 ( A )  4.3 

1u9.7 - 1 3  
82.5(A) 7.9 

149.9 -51 
26.7(11) 5.7 

3 . O ( A )  8. 1 

165. 3 
165.3   .55  

1Y 0. G 
. 2 2  

163.4  .09 
.09  

173.9 
164. E . 3 2  

116.2(A) 4.0 
. 4 3  

U5.2(A) 6.6 
l O . O ( A )  5 .3  

5 .5(A)  4.2 

"" "- - 
"_ - 8.8 

.9  

16. 1 
12.5 

"_ - 

"_ - "_ - 
(e 1 
"" 

"" 

"" 

13. 0 
4.4 

2.4 
6. 3 



TABLE VII. - Continued. 

(b) Continued. 

STEESS,  PLASTIC  PLASrIC STRAIN  (PERCEYT) AT H O U R S  
HEGAPASCALS STRAIN 

STEADY  STATE TEST PIUAL REDOCPION 
SHOPN 

01 L O A D I N G ,  0.1  5.0  10.0  25.0  53.0  100.0  150.0 s**- 1 HOURS PERCENT PERCENT 
CREEP RATE,  D U R A T I O N ,  STRAIN, OF AREA,  

PERCENT 

LONGITUDINAL 

HEAT 2 6 6 s  

53.4 
55.2 
55.2 
56.9 
58.6 

N I L  

N I L  
N I L  
N I L  

N I L  
N I L  

'I I L  
N I L  

N I L  
.02 
N I L  
.04 . o e  

N I L  
. 0 1  . O l  
N I L  - 0 1  

"02 "02 
(C)  

- 0 1  .02 
. 0 3  -20 
. 01  .ou 
.02 . 0 5  
.01 .06 
- 0 9  -40 
. 0 1  .os 
- 1 7  "" 
.04 .16 

. 8 Y  "" 

.o 1 

.o 1 

"03  

- 23 .02 

-08 
.Ob 

- 0 9  

. 0 7  

. 2 2  

"" 

"" 

-02 
.02 

-. 04  
.04 
- 2 7  
.20 
. 1 3  
. 1 7  

- 1 2  
* 38  

"" 

"" 

"" 

.02 
- 0 5  

.03 

. 09  

- .Ob 
- 1 1  
"" 

"" 

"" 

.03 

.14 

"04 
"" 

4.23E-10 
2.57E-09 

163.3 
178.2 

166.1 
165.5 

146.3(A) 
63. 3 ( A )  
29.0 (A) 
48.5(A) 
64.7 ( A )  

7.7(A) 
8 9 . 1  ( A )  
73.2(A) 

1.6(A) - 2 ( A )  

- 0 3  
- 1 6  (E) 
"" 

"" 

"" 

"" 

"05 
- 0 5  
-32 
"" 

"02 
1.2 
2.1 

"_ - 
(D 1 

4. 3 
. 3  

4.2 
5. 1 
2 . 8  
8. 3 

22.0 
10.8 

3. 0 

4.43E-09 
1.81E-00 

1 .353-08  
1.00E-08 

2.30E-07 
1.48E-08 

8.94E-09 
2.78E-08 
3.603-06 
2.16E-05 

62.1 

67.2 
65.5 

68.9 
70.7 

"" 

"" 

"" 

2 . 2  
3.2 
2.7 
1.6 
2.7 
9.5 
2.3 
3.8 

"" 

"" 

.30 

. 7 1  

. 2 0  

"" 

"" 

"" 

"" 

"" 

"" 

"" 

"" 

"" 

"" 

"" 

"" 

"" 

72.4 

79 .3  
75.8 

82.7 "" "" 

LONG TRANSVERSE 

HEAT 262/264S 

N I L  -04 .04 - 0 5  - 0 6  .08 - 0 9  

N I L  . 0 1  .01 . 0 2  .04 .07 - 1 1  
N I L  .04 , 0 5  . 0 6  - 0 8  . 10  .14 

- 0 1  - 0 3  -04 . 0 6  - 1 1  -23 . 4 4  
N I L  . 03  .04 .07 . 15  . t i l  1 .66 
N I L  .08 .19 1.01 4 .53  ---- ---- 
N I L  . ~ e  . 15  . 5 9  ---- ---- ---- 

9.66h-10 
1.93E-09 

22.4 
25.9 

29.3 
27.6 

31.0 
34.5 
37.9 

NIL  
N I L  
N I L  
N I L  
N I L  
N I L  
N I L  

166.7 
149 .3  

. 1 5  
.09 

163.2 
164.7 

.54 

. 13  

166.5 2.14 
65.9(A) 7.6 
51. 1 ( A )  3.9 

2. 17E-09 
4.891-09 
7.49E-09 
4.83E-08 
3.14E-08 

HEAT 2655 

15.5 
19.0 
22.4 

27.6 
25.9 

29.3 
34.5 
37.9 

- 0 1  -01 - 0 2  . 0 3  -04 . 0 9  - 1 5  

. 0 1  - 0 3  .05 -08 - 2 1  1.06 ( P )  
- 0 2  - 0 3  .05 .09  . l 8  . 4 6  1 . O ?  

B I L  .G3 .05  . 0 9  - 1 9  . 5 U  1.14 
.01 . l l  - 1 5  .27  . 9 2  ---- ---- 
- 4 5  - 7 0  "" "" "" "" "" 
- 0 1  - 1 2  - 1 5  "" "" "" "" 
-02 -20 . 37  "" "" "" "" 

N I L  
N I L  

N I L  
N I L  

N I L  

N I L  
N I L  

N I L  

1.818-09 
8.21E-09 
7.00E-09 

6.28E-09 
1.98E-08 

3.20E-07 
4.03E-08 
9.448-08 

164.7 
165.4 1.4t i  

. 1 8  

188 .1   6 .7  

165.5  1.31 
96.0 ( A )  rl. 3 

21. 1 ( A )  2. b 
2 1.8 ( A )  ( G )  
19.9(A) 2.1 

"_ - 
(e)  

. 3  

.4 

"" 

"" 

"_ - 
N I L  (0) 
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TABLE VII. - Continued. 

(b) Concluded. 

PLXSPIC ST?ALN (PLhCELi9) AT HOUES STEACY  STATL TEST FINAL hti)IlCP I O N  
.SROYN 
i5.0 5 S . G  100.0  150.3 

CtiEiP R$.TE, JUSATIOL.  STRAIN, OF X R Y A ,  
5.98-1 HOURS FSKCEtiT PLiiCENT 

15.5 

19.c 
17 .2  

20.7 

ik. 1 
22.4 

27.6 
25.3 

31.0 
34.5 
37.9 

20.7 

2 5 . s  
24.1 

27.6 
31 .C 
34.5 
37.9 

15 .5  
17.2 

20.7 
19.0 

22.4 
24.1 
27.6 

34.5 
31.0 

37.9 

!i I L 
L I L  

N I L  
SIL 

N I L  

N I L  
N I L  

N I L  
H I L  

N I L  
:4 I: L 

N I L  
N I L  

N I L  
N I L  

N I L  
N I L  

Y I L  

N I L  

N I L  
N I L  

N I L  
ti I L  

N I L  

N I L  
N I L  

N I L  
N I L  

N I L  
R I L 
. 0 2  
xrL 

N I L 
. 0 1  

. r2 

. c 1  
WIL 

!iIL 
. c 1  

. 0 1  

. c 1  
. c 1  
N I L  
N I L  

V I L  
. 0 2  

. O l  

. 0 1  

N I L  
. @ 1  

. @ 2  
- 0 1  

N I L  
B I L  

N I L  
N I L  

5.c 

. G  1 

.01  

.G4 
. r , L  
.03  
- 0 3  

.o 1 
. O t  

.c 1 

. l i  

. c 7  

. c 2  
-02 
. 0 1  
N I  L 
-0 1 
.06 . G5 

-02 
.03 

. 0 3  
.o 1 
- 0 7  
. 0 3  
.03 
.02 

. 4; . O i  

1 c . c  

. c  1 

. 3 t  

.01 

.05 

.05 
.04 

.a 1 

. 0P 
. c 2  
.17 
"" 

- 0 2  
.02 
- 0 2  

. 0 2  

.a1 

- 1 1  
.14 

-04 

.04 

.03 

. 0 2  . O? 

.04 

. a 4  

.08 

. 1 9  
"" 

L O N G  TRANSVEPSZ 

H E A T  265SC 

. 0 2  .C3 - 0 5  

. 0 2  . 0 3  .36 

. 0 9  - 1 3  . 1 8  

.06 .O6 - 1 1  

.05  .06 .G9 
. 1 2  . 3 3  2.35 
. 1 4  .30  1.c.5 
. 0 3  -09 .1;5 
.G5 . 2 1  2.12 
.7b  3 .41  "" 
"" "" "" 

.Ob 

. 1 @  

.23 

- 1 2  
.15  

5.02 
3.07 
1.29 
4.52 

"" 

"" 

HEAT 2665 

.03 -04 - 0 6  .09  
- 0 3  .04 . 1 2  .24 
. 0 4  - 0 7  -23 .57 
.!I3 .06  .18  .U8 
. 0 5  - 1 6  .74  1.65 
. 2 ?  - 7 6  2.30 4.63 
. 6 6  1.97 5.00 8 - 7 0  

I IEAT 266SC 

. 0 5  .07  . 1 2  . l ?  

. 0 4  .C4 - 0 5  .C6 

.08  .17 .65 2.94 
- 0 2  - 0 3  .06 -13 

9.92E-10 
1.30E-09 
2.70E-09 
1 .?7E-09 
1.546-C9 
1.44E-00 

2.406-09 
1.11E-09 

a . 1 ; 5 ~ - 0 9  
5.79E-08 
4.  G3E-08 

162. t 
16  3.5 

.10 

.12  
165.2 
164.2 - 1 5  

.25 

215.3 - 2 0  
131 .1  5 .3  
150.G 4.6 
166.5 1 .66  
167.1 5 . 3 5  

64.2(A)  5.2 

"" 

"" 

-" - _" - 
"" 

(8) 
(E)  
"" 

(a) 
N I L  (U) 

9.2(A)  1.0 N I L  (D) 

1.53E-09 
2.92E-09 

166.5 

3.44E-09 
149.8 
164.2 

5.92B-09 
3.263-09  150. G 

3.32E-08 
151.5 
150. C. 

3.703-08  166.1 

4.83E-10 
2.39E-09 

163.3  
1 6 5 . 3  

4.83E-09 
1.14E-09 

167.3  
163.0 

.10  

.24 

. 7 c  

. 4 0  

4.63  
1.68 "_ - 

"_ - 
-" - 
"" 

"" 

"" 

10.4  NIL(B) 

.22 
. 0 6  

3.49 
.16 

6.69 "_ - 

"" "_ - "_ - "_ - 
. 1 3   . 2 4   1 . 5 9   5 . 7 7  
.OE . 0 9   . 1 9  .44  

1.09E-06  162.6 
3.20E-09  163.3  .62 

- 3 5  3.42 "" "" 3.32E-08  103.2(A)  10.4 
- 1 1  "" "" "" 
- 4 3  2.25 5.138 ---- 

24.1 (ti) "" 

"" 

- 2  

6.57E-08  67.4(A) 9.0 . 6  
1.71E-07 8 . 4 ( A )  .8 . 2  

"" 

, - - - - - - - - - - - - - - - 

(a)  SPECIMEN  FAILED S H I L L  B E I N G  R E M O V E D  PBOY T H E  A D A P T E R .  
(1.) FAILED L T  TINE SHOilN. 

(D) FAILED AT RADIUS. 
(C)  ERRATIC CREEP READINGS - Nd KLASUREABLE DEFJA?IATION lPTER  TESTING. 

(P) EXTENSOIETEK SLIPPED; STRAIN COULD NOT B E  DETERflINED. 
( E )  FAILED HHILF C C O L I N G  

(H) SFECIMEN HAS c 5  .Y O V E R  TEMPERATURE  USEN FAILED AT TIHE SHOYN. 
( c )  SPECIMEN C O U L D  Nor B E  FITTED T O G E T H E R .  
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TABLE VII. - Continued. 

(c) Residual  room  temperature  properties. 

P R I O R   C R E E P   H I S T O R Y  RESIDUAL T E N S I L E   P R O P E R T I E S  

T E M F E R A T O R S ,   S T I ( E S S ,   T I M E ,   P L A S T I C  0.02 PERCENT 0.2 P E R C E N T   U L T I R A T E   T E N S I L E   E L O N G A T I O N ,   R h D U C l I O N  
K f l E G A P A S C A L S   H O U R S   C R E E P   S T R A I N ,   Y I E L D   S T R E S S .   Y I E L D   S T B E S S ,   S T R E S S ,  

PEKCENT  MEGAPASCALS  MEGAPASCALS  MEGAPASCALS 
PERCENT OF A R E A ,  

PERCENT 

L O N G I T U D I N A L  

HEAT 262/264S 

1366  65 .5   163.5  
1 3 6 6  

.04 
68.9  163.5 - 1 1  

1 3 6 6  
1366  
1 3 6 6  
1 3 6 6  

65.5  168.1 
67.2  161.0 

- 1 4  
.17 

72 .3   149.2  
75.8  149.9 

- 1 3  
.51 

1 3 6 6  
1 3 6 6  

65.5  165.3 
63.8 165.3  .55 

1366  67.2  153.4 
.22  

1366  58.9 164.8 
.09 
- 3 2  

1 3 t o  70.6  173.9  .43 

1366  53.4  163.J 
1365  55.1  165.5 

- 0 3  

1366  56 .5   166.1  . -.02 
(Dl 

733.6 
731.5 

HEAT 265.5 

7 t0 .5  
€95.0 

727.4 
686.7 

HEP.T 265SC 

( A )  
706.0 
732.9 
745.3 
651.6 

HEAT 2665 

E17.7 

772.2 
733.6 

823.9 
814.3 

1248.6 
1282.4 

805.3 
80@.  5 
828.1 
840.5 

1001.8 
91E.3 

1107.3 
895.6 

""_ 
869.4 
870.8 
817.0 
608.1 

868.7 
812.9 
870.8 

5.9 4.9 
6.9 5. 2 

3.4 
2.4 

4. 7 

U.9 
4.0 
5. 9 

1.7 2. 1 

1040.4 . d  
109.3.5 

8 9 1 . 5 ( 8 )  
b d 6 . 0  
579.d 

2.4 
3.7 2. 2 
.4 2.4 

1.4 2. 4 
2.9 3.3 ( C )  

1238. t  
11?4 .C  
1039.0 

5.6 
6.4 5.0 ( C )  

4.9 ( C )  
3.2  3.3 
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TABLE VII. - Continued. 

(c) Continued, 

P F I O R   C R L t P   H I S T O R Y   B E S I D U A L   T E N S I L E   P R O P E B E I E S  

TEHPEBATURE,  STRESS, TIME, P L A S T I C  
K HZGAPASCALS HOURS C R E E P   S T R A I N ,   Y I E L D   S T R E S S ,   Y I E L D   S T R E S S ,  

C.02 PERCENT 0.2 PEKCENT  ULTIHATE  TENSILE.   ELONGATION,   REDUCEION 

P E R C E N T   M E G A P A S C A L S   8 E G A P A S C I L S   f l E G A P A S C A L S  
S T R E S S ,   P E R C E N T  OF ABEA, 

P t k C E N T  

LONG  TRXNSVBRSE 

HEAT 262/264S 

1 3 6 6  
1 3 6 6  
1366 

1 3 6 6  
1.366 

1 3 6 6  

1 3 6 6  
1 3 6 6  

1366 
1 3 € 6  
1366 

22.C 149.3  
25.8  166.7 . 15  

.09  

27.6  164.7  .13 

22.4  186.1 
15 .5   154 .7  

6.7 
.18 

15.5 1 6 2 . 6  
17.2 1 6 3 . 5  

.10 

.12 
l Q . G  165 .2   . 22  

22.4  215.3 
2 9 . 7   l t 4 . 2   . 1 5  

2 7 . E  166 .5   1 .60  
. 2 0  

644.0 798 .1  
700.5 788 .8  
586.1 ( E )  

HEA'E 2655 

728.1  842.5 
(P) -"" 

HEAT 265SC 

607.4 
679.8 

748.8 
761.9 

602.6  601.9 
566.1 (E )  
553.0 
121.3  

740 .1  
( E )  

1081.1 
992.9 
586.1 

1031.1 
55.2 

1041.1 
761.2 
886.C 
623.3  
748.1 
137 .9  

4.2 
5.5 8.8 

3. 6 
.7 .4 

4.9 3.5 
3.6 N I L   ( C )  
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T A B L E  VIL - Concluded. 

(c)  Concluded. 

hESIUUAL  TENSILB  PBOPEPTILS 

T3XPPRLTUi?P, S T ? ” S P  . - 3 ,  T I Y E ,  FLFS‘TIC 0.02 FZBCZRT C.2 PERCENT  ULTIHATE  TENSILE  ELONGATION,  RiDUClION 
L( dZG.:?XcJL5 Y O i J F s  C 3 i f i T .  STPAIS,  YIELD  STRESS.  YIELD  STRESS.  STBESS. PERCENT OF AREA. 

PtaCEh’T 3EGP.PASCALS  YLGAFASCALS . HEGAPASCALS  PERCENT 

LOtiG TRANSVERSE 

HEAT 2665 

1 3 f F  20.7 1 o t . 9  
1 3 6 6  

. 1 0  
2 U . l  l C > + . C  . 2 u  

1 3 6 6  
1 3 t h  X.< 15’!.2 

I C . &  1CU.L . 7c  
-48 

l J f 5  
1 3 6 c  3 1 . 1  1 b 1 . 5  

3s.: 1 5 i . O  4 .  b 3  
1 . c a  

7 6 7 . 4  
452.3 
212.4 
3 4 6 . 1  

4 Q .   1  
4 1 . 4  

1.0 
. 6  

N I L  
. 3  

NIL 
.6 

NIL ( C )  
.2 (C)  

HL i. (C) 
. 3  

HI L 
.2 

HEAT 2 6 6 S C  

13f i 1 5 . 5   1 5 5 . 3  .22 E74.G 8 1 4 . 3  
1 31: a 1 7 . 2  1;;3.3 .G6 
1 J t . 5  

6 5 1 . 9  
1 3 . 1   l i 7 . 3   3 . 4 5  I F ) ,  (GI 

l ? P ?  23.7 1 c 3 . 3  . IC 6 7 5 . 8  
1 3 E 5  2 2 . 1  1 6 2 . h  6-60 (PI, (C) 
l 3 t c   3 4 . 1   1 0 3 . 3   . 6 2   1 8 1 . 3  

9 9 6 . 4   3 . 9  2.2 
6 . 3  
H I  L 

(E) 
. 4  HI L 

(E)  1 Y l . C  .1 .2 

7 8 6  .O lC81.1 5 . 7  
62.0 1.4  

7 3 F . 4  .5 
””_ - 6 (C)  
“-“ 6.4 

(A)  THREADED G R I P  ENDS  DESTROYED;  SPECIMEN  TESTED  AT  LEWIS  RESEARCH  CENTER;  YIELD  STRENGTHS COULD  NOT BE  DETERMINED. 
( E )  DEFECT FOUND ON FRACTURE  SUWACE. 
(C)   SPECIMEN  FAILED NEAR RADIUS. 
( D )  N0,MEASUREABLE  DEFORMATION  AFTER  TESTING;  ERRATIC  CREEP  READINGS. 
(E)   FAILED  BEFORE 0.2 PERCENT  YIELD STRESS WAS OBTAINED. 
(F)   FAILED  BEFORE 0.02 PERCENT  YIELD  STRESS WAS OBTAINED. 
(G) CRACKS I N  GAGE SECTION  PRIOR  TO  TENSILE  TESTING.  
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TABLE VIII. - MECHANICAL PROPERTIES OF YaNICrAl 

(a) Creep behavior at 1366 K. 

S T 3 E S S .   P L A s r I c  ?LL?.STIC S T S P I N   ( P Z a C L N T )  PT H6IIFS S T E A O Y   S T A T E   T Z S T   D l N A L  
HEGAPASCALS  STBAIN SH3d.V S E E P  RATE,   DURATION,   SThAIt i ,  

O Y  LOADIN(;, 0 .1  5.'1 10.0  25.0 5C.C 1CC.O 15C.O s**- 1 I iOUBS PERCbt iT  
P E S C S N T  

LONGITUDINAL 

41.4  
37.4 N I L  

Q 4 . 8  
N I L  
N I L  

46.5 N I L  
48 .3  I I L  
48 .3  ti I L  
50.C N J L  
50.0 
51.7 N I L  

N I L  

53.4 111 

. O l  .04 

. 7 2  . @ 4  

.01 .04 
. ) 2  . O f  

. 1 3  . 2 2  
. c 4   . l l  

. 0 2   - 1 0  

.04 .as 

. 2 2   2 - 2 3  - .02   .15  

.04 .C5 .OG .07  
-04 .05 -05 - 0 6  
.06 .Cd . 3 9  . 1 1  
.OS .07 .09  - 1 1  
. 1 3  . 1 8  . 2 3  . 3 1  
.26 .32  . 3 9  . 5 1  
. 1 4  .20 .29 .44 
. I 2  . 1 E  . 2 2  . 3 2  
- 1 9  .3c - 4 1  . 55  

""  "" "" 

.OF 7.25E-10 
-07  6.b4E-10 
. 1 3  
. 1 2  

1.L7E-09 
Y . b E E - 1 C  

-39  4 .29t ' -03 
. c 3  6. 9b8-99 
-58 8 . l G E - 0 9  

. L a  

.44  5.0GE-09 
7.23:-09 ."_ - - - - - - - - 

173.R 
103.6  

.35 

16 3.7 
. t 7  
- 1 5  

172 .7   -13  
165. 3 - 4 1  

1E2.8 
102.7 - 0 6  

* b2 
1 6 4 . 0  
164 .8  

.50  
- 7 2  

10.8 ( h )  

(b) Residual room temperature properties. 

PRIOR C ~ I L E P  I I I S T O F Y  R L S I D U A L   T E I S I L E   P R O P E R T I E S  

T E R P E R A T U E E .  STRESS,  T I H E ,  P L I s r I c  . c . 0 2  P z R c L t i r  0.2 P E R C E N T  ULTIIIATL: T E N S I L E  E L O N G P T I O N ,  REDUCTION 
K HEGAPASCALS H O U R 5  :KEEP S T R A I N ,   Y l E L D  STRESS, Y I L L D  STZBSS, S T K E S S ,   F L R C Z N T  OF A K B A ,  

P t R C E N T  HEGAPASCALS  3EGJ.PRSCAL.S  UEGhPhSCALS  PERCENT 

1 3 6 6  
1 3 6 6  
1366 
1 3 6 6  
1 3 6 6  
1 3 6 6  
1 3 6 6  
1 3 6 6  
1366 

37.3  173.6 
41.4 1 E 3 . t  

.O? 597.1  . c 7  
44.8  163.7 

666.7 

46 .5   172 .7  
.15   677 .1  
. 1 3  €67.1' 

4R.3 l t 5 . 3  
4 8 . 3   l t 2 . 7  

- 4 1  
.EO 

642.6 

50.0 152.E 
661.5 

.62  
50.0  164.C 

662.6 
.5c 659.1  

51.7 164.6  .72  726.7 

696 .c 

706.0 
695.7 

€ 5 5  -0 
710.2  

699.1 
699.1 
716.4 
737.7 

1139.0  
022.5 

1C38.4 
1152.1  

1C45.9 
1028.7 

1115.6  
1098.3 

1131.4 

14.8 
5.5 5.6 

19.2 
12.9 
7.4 

16.6 

14.6 
8.0 

9.4 
16.9 

8.6 
7 .3  

15.7 
8.8  14.7 
8.1 13.1 

(A)  FhILED AT T I M E  SHOLN;  29.5 X ELONGATION;  62.6% RA. 
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TABLE X. - REGRESSION ANALYSIS OF B 1900 

CONSTANT  STRESS EXPONENT  TEHPERATORE, ACTIVATION TEHPERATURE  REGRESSION 
K ENERGY,  BANGE, COEFFICIENT, 

kJ/g-mol-K K E**2 

T I H E  TO RUPTURE 

44.32  -6.83 ' 1144 - - 0.93 
34.4 1 -5-88 1255 - - 0.95 
26.31  -5.29 1366 - - 0.97 
21.38  -6.41 1471 - 0.98 - 

-12.35 -6.43 
-18.  16 -5.04 
-2 1. '36 -3.48 

- 516.6 1144-  1255 0.93 - 4-97.5 1144-1366 0.78 - 452.7 1144-  1477 0.35 

STEADY STATE CREEP RATE 

-51.41  5.91 1144 - - 0.93 
-46.33  5.74 1255 0.93 
-37.97  5.03 1366 0.94 

- - - - 

-3.58  5.83 
1.30 4.38 

- -450.5 1 1  44- 1255 0.93 - -421.7 1144- 1366 0.76 

TABLE X. - REGRESSION  ANALYSIS OF MAR"509 

-12.51 
-15.80 

-72. l h  
-45.62 - 3.4. e 6  

"4.69 
-7.?7 

- 627.1 1lCCrl- 1255  - 556.7 1 1  43- l'i66 

- - 5  10.: 114'1-1255 - -357.4 1144-1366 

3.32 
3.67 
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TABLE XI. - REGRESSION ANALYSIS OF T N E  TO  RUPTURE FOR MA-757 TESTED 

IN THE LONGITUDINAL DIRECTION 

68.59 
52.48 
28.19 
29.75 

0.83 
- 4.99 - 8.76 

68-57 
52.48 
28.19 
32-07 

0.83 - 4.99 - 7 . 2 4  

-13.08 
-1F.81 - 6.0E - 7-02 

-11.65 - 7.81 
- 7-42 

-1 3 - 0 8  
-10.81 

- 7.95 
- 6-08 

-11-65 
- 7.81 
- 7.74 

114U 
12 55 
1366 
1477 

EDITE7 DITA * 

llilr( 
1255 
1366 
1477 

* F i ) J * L O Y I N G  D A T R  DFL6TBD F‘RCE ANaLYSIS 

T E T P E S A T r J F F ,  STPSSS,  L T F ? ? ,  
K ?lEGA?ASC.!LS 8OUFS 

7 477 
1477 
1477 

27. t? 1 8  3.7 
31.0 39.7 
3’1. 9 1.4 
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TABLE XII. - RECXESSION ANALYSIS OF STEADY  STATE CREEP RATE DATA FOR MA-757 

TESTED IN THE LONGLTUDINAL  DIRECTION 

UNEDITED  DATA 

-52.26 
-4 1. 49 
-47.73 
-39.64 

-6U .52  
-37.68 
-8 3.72 
-36.02 

- 11*7c 
-11.65 
-10-36 

6.94 
s. 35 
7.55 
6.05 

9-63 
13.34 
16.74 
4.83 

1 1  - 8 0  
13-66 
9.4: 

1144 
1255 
1366 
1477 

C Q I T E D  DATA * 

1 1  Q4 
12.5s 
1366 
1477 

0. b 5  
0.32 
0.62 
0. i r4  

0.93 
0.81 
0.90 
0.84 

- -593.1 1 1  U4-  1255 
- -602. n 1144-1366 

0 . 3 3  
0.84 - -505. a 1144-1777 0.72 

* F O L L O W I N G  D A T A  DELETVI Faon A N A L Y S I S  

TE!I?ERATURI?, ST2  ESS , STeADY STATE 
K YEGAPASCALS CREEP RATE,  

s**- 1 

1144 
1144 
1255 
1255 
1255 
1255 
1366 
1366 
1366 
1477 

124.1 
131.6 
48.3 
55. ? 
62.1 
32.7 
27.6 
34.5 
37.9 
3 1 . 0  

3. U6E-09 
3.14E-09 
1,?7E-39 
1. R l  e-os 
5.50E-C9 
3.06E-10 
4.G6E-lC 
9.66E-10 
1.15P-03 
1.03 E-07 
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TABLE XIII. - REGFtESSION ANALYSIS OF TIME TO RUPTURE DATA FOR MA-757 TESTED 

IN THE LONG TRANSVERSE DIRECTION 

37.21 -7.3.3 
37.83 ->!.go 
21 .92  -5 .52  

9.59 -2 .31  

3 7 . 2 1  - 7 . 3 3  
2 8 - 4 3  -C,. 78 
21.42 - 5 . 5 2  

9 .59  - 2 . 7 1  

- 1  R. 67 -7. r i .  
-18 .3U - 3 .  O h  
- 14.46 -3.5t 

1 1 0 0  
12 55  
1.366 
1 4 7 7  

S P i T F . 3  D ? T A  * 

114‘4 
1 2 5 5  
1 3 6 6  
1 4 7 7  

1 2 5 5  28.2 123.C 
1255  62.0 1.8 



TABLE XIV. - REGRESSION ANALYSIS OF STEADY STATE  CREEP RATE FOR MA-757 

TESTED IN THE LONG TRANSVERSE DIRECTION 

CONSTANT S T R E S S  EXPDHENT TEMPEEATVRE, 4CTIVATION TEMPEB?,?'UR? R 3 G E F S S I O N  
K S N E B G Y ,  R A N G S ,  (-Q):T'r:CIE:li?., 

kJ/g-mol-K K P.'64:,  

U N E D I T E D  DIT.', 

- 3 4 . 0 2  
- 3 7 . 1 0  
- 2 8 - 4 2  
- 3 4 . 2 8  

- 3 . 6 1  
1 . 2 4  
0 . 6 6  

- 3 4 . 0 2  
- 3 7 . 1 0  
- 2 8 - 4 2  
- 2 7 - 7 2  

- 3 . 6 1  
1 . 2 4  
2 . 3 7  

3 .43   11U4  
5 - 0 2   1 2 5 5  
3.48 1 3 6 6  
2 - 6 1  14 77 

4 . 2 3  
3 . 4 9  
3 . 1 0  

3.93 
5 . 0 2  
3 . 4 9  
4 . 2 3  

4 - 2 3  
2 - 4 9  
3 - 5 0  

- - 3 2 0 .  1 1 1 4 4 - 1 2 5 5  3.9? 
- - 1 ? 9 . 7  1 1 4 4 - 1 3 6 6  0.J7 - -3113.3 11G4-1477 0.90 

EDITED DATA * 

1 1  114 
12 55 
1 3 6 6  
14  77 

- - 320.1 l l4ri-125'5 3 . 9 2  - - 3 3 9 . 7  1 1  44-1 1 6 6  3 . 5 1  9 - - 3 5 4 . 4  1144-   l l t77  0.90 

* FOLLOWING D A T A  DELFTYD FROM A B A L Y S I S  

T3M PERA TlJR E , S T R E S S ,  STEAljY STATE 
K M E G A P A S C A L S  C R E E P  SATE, 

s**- 1 

1 4 7 7  
1 4 7 7  

3 . 5  2.90E-09 
6 . 5  1 . 0 9 E - 0 9  
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. . . . . . . 

TABLE XV. - REaESSION ANALYSIS OF TIME TO RUPTURE DATA FOR MA-956 TESTED 

IN THE LMGITUDINAL DIRECTION 

CONSTANT STEESS EXPONENT TEHPEEATUBE, ACTIVATION  TEIPRRATURE  REGBESSION 
K EN ERG I, U A U G E ,  COEFFICIENT, 

kJ/g-mOl-K K R**2 

3NEDITED D A T A  

52 .56  
9 0 . 2 7  

126 .91  
102.24 

-11.62 
-17.11 

-29.35 
-24.19 

0.37 
0.01 
0 - 2 6  
0.23 

- 
1 2  55 
1 1 4 4  * 
1 3 6 6  - 
1 4 7 7  - 

- 

EDITED DhTA ** 

212.31 
115.73 

280.08 
271 .29  

-47.76 
-25 .25  

-64 .71  
-64.54 

1 1 4 4  
1 2 5 5  

1 4 7 7  
1 3 6 6  

0.93 

0 . 7 3  
0.93 

0.01 

102 .81  
104 .95  
101.23 

-29 -49  . 
-32 .95  
-33.03 

303. li 1 1 4 4 - 1 2 5 5  
43u.  2 

O . A O  
1144-1366  

473.7   1144-1477 
0.70 
0.68 

* R6.2 !!?A - 2 3 6 1 . 5  H (IINFAILED) T E C L U D E D :  
60 .9  p l ~ 4  - 1005.4 H ( I I N F A T L E D )  NOT INCL~~DED.  

R 

11U4 
1144  

1 2 5 5  
1 2 5 5  

1 2 5 5  
1 2 5 5  

l l r77 
1 3 6 6  

1 4 7 7  
1 4 7 7  

9ELETFD DF.TA 

68.9 
8 6 . 2  

77.6 
77.6 

79.: 
81.0 
65.G 
5R.f 

63.8 
62.1 

1095.4 (ONFAILEL!) 
2 0 6 1 . 5  (IINFAILED) 

0.01 
0 .5  
3 .1  
3 .7  

78. R 
1 . 3  

1 . 5  
2. 1 

ADI~ITIOYAL DATA 

1 1 4 4  
1 1 4 4  
1 2 5 5  
1 2 5 5  
1 3 6 6  

1 3 6 6  
1 3 6 6  

1477 
1'U 7 7  

10fi.Y 
102 .0  

91.@ 
7 7 - 2  

68.9 
8 1  .u 

69.6 
68.9 

07.6 

0 . 1  
0.1 
0.1 
0.1 
0.1 
0.1 

0.1 
0.1 

1005.4  (UNFAILED) 

62 



TABLE XVI. - REGFtESSION ANALYSIS OF STEADY  STATE CREEP RATE OF MA-956 TESTED 

IN THE LONGITUDINAL  DIRECTION 

CONSTANT 

-1132.57 
-213.29 
-405 .74  
- 1 2 6 . 2 0  

- 1 5 4 .   9 7  

-225 .90  
- 2 1 3 . 2 9  
- 3 5 s .   9 1  
- 184.42  

- 1 7 3 . 0 9  
- 2 3 4 . 4 5  
- 1 3 0 . 4 6  

STRESS  EXPONENT  TEUDXBATUSE,  ACTIVATION 
X EM EEiGY, 

kJ/g-mol-K 

Tl?i;EDITRD DATA 

36.72 1 1 4 4  - 
44.55 1 2  55 - 
90.00 1 3 6 6  - 
26.24  1 4 7 7  - 

39.66  - - 3 8 6 , s  

EDITED DATA * 

4 6 . 4 5  1 1 4 4  - 
4 4 . 5 5  1 2 5 5  - 
78, H9 1 3 6 6  - 
40.52  1 4 7 7  - 

45.52  
57.16 
38 .92  

- -463 .9  
- -660.0 
- -597.9 

TEMPERATURE  REGRESSION 
RANGE, C O E F F I C I E N T ,  

K R**2 

- 
- 
- - 

1 1 4 4 - 1 2 5 5  

- - 
- - 

1 1 4 4 -   1 2 5 5  
1144-   1366  
1 1  74- 1 4 7 7  

DELETED DLTA 

1 1 4 4  
1 3 6 6  

75. ii 3.02F- 10  
74.7 

1 4 7 7   6 2 . 1  
1" lOE-11 

1 4 7 7  
1.10E-Cti 

1 4 7 7  
6 3 . 3  
65.5 

4.53E-ltO 
d . 1 3 I - 0 9  

1 4 7 7  55.5 2 . 0 2 E - 3 8  

A D D E D  UATA 

0.72 
0.76 
0.43 
0.23  

0.74 

0. R O  

0 . 5 8  
3.76 

0.66 

C.78 
0.63 
c. 5 8  

1 3 6 6  
1 3 6 6  

77.1 3.33E-06 
76.9 

1 3 6 6  
3.33E-Oh 

77. A 
1 3 6 6  

U.33E-07 
73.3 

1 3 6  6 70.7 
0.33E-08 
8.33E-OR 
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TABLE XVII. - REGFtESSION ANALYSIS OF STEADY STATE CREEP RATE OF STCA ALLOYS 

TESTED IN THE LONGITUDINAL DIRECTION AT 1366 K 

P.E(IT 

2c..2/4s 
265s 
2 6 5 S C  
2 6  6s 

2 6 5 s  
2 6 5 S C  

2 6 ? / 4 S  
2hSS 

C O K S T A N T  

-1670.62 
- 153.37 
- 1 ?O. 76 
- 100.42 

- 135.65 

- 155.1 s 

27. r 5  

31.91 

c. 96 
c. 7 8  
0. L'7 
c.  75 

G.21 

0. 36 
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T A B U  XVIII. - REGRESSION ANALYSLS OF STEADY  STATE  CREEP RATE OF STCA  ALLOYS 

TESTED IN THE LONG TRANSVERSE DIRECTION AT 1366 K 

!!EAT CONSTANT 

262/4S -45.59 
265s -31.85 
265SC -32.66 
266s -37.33 
26 CSC -37.05 

26  2/4S -45.59 
26 5s -30.77 
265SC -33.82 
266s -37.93 
26 6SC -3 3 .  12 

U N E D I T E D  D A T A  

7.07 
'1.3 4 
4.27 
5.68 
5.84 

E D I T E D  DRTA * 

7.87 
3-96 
4.75 
5.68 
4.79 

265s 
265SC -32.72 4.47 

262/45 
266s -40.79 

26 SS 
266SC 

6. 5 0  

-31.95 4.39 

* F O L L O U I N G  DATA D?LETRD PROM I N A L Y S I S  

HEAT STRESS, STEADY  STATE 
MEGAPASCALS CSEE? K A T E ,  

s**- 1 

265s 
365s 
2 f i 5 S C  
2 6 5 S C  
265 SC 
2 E 6 S C  
2 6 6 S C  
26 G sc 

27. fi 
29.3 
22.4 
?7.6 
31 .O 
17.2 
29.7 
24.1 

6-2RE-39 
3.20E-07 
1. ')'+E-39 
2.3CR-09 
8.45F-0'3 
G . B 3 E - l G  
l . l ' J F - ! l ?  
3.2CT-07 

0.4f; 
0.95 
0.93 
0. R Y  
0 . 3 Y  

0.90 

0 ,  ',c 

0. '36 
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TABLE XM. - REGRESSION ANALYSIS OF STEADY STATE  CREEP RATE OF YD-NiCrAl 

TESTED IN THE LONGITUDINAL DIRECTION AT 1366 K 

C O N S T A U T  

- 5 U .  76 

STPCSS F'XPCNENT 

9 . 1 2  0.75 
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